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Rare earth elements (REE) are considered critical metals, which are used for the 
manufacturing of components in the high technology and renewable energy industries. 
Carbonatite and alkaline igneous systems can contain anomalously high concentrations of REE, 
in some cases sufficient enough to host potential ore deposits, such as in New Mexico. These 
mineral deposits commonly form through a complex interplay between magmatic-hydrothermal 
processes, which allows for the examination of the behavior of REE in hydrothermal fluids. The 
motivation for this dissertation was the need to quantify and understand the underlying processes 
involved in the hydrothermal mobilization and mineralization of the REE, focusing on REE 
signatures recorded in hydrothermal calcite. A numerical modeling study is first presented to 
examine the speciation of REE with several different ligands (i.e. OH-, HCO3
-, CO3
2-, and Cl-) in 
a carbonatitic aqueous fluid. In this study, the partitioning of REE between calcite and an 
aqueous fluid was modeled for the first time at hydrothermal conditions. These simulations 
indicate that temperature, salinity, and fluid composition have a significant effect on the mobility 
of the REE and their speciation, which control the varying chondrite-normalized profiles 
observed in natural calcite. At low temperature (100-250 °C) and high salinity (20 wt.% NaCl), 
the calculated REE profiles were characterized by an enrichment of heavy (H)REE over the light 
(L)REE. At elevated temperature (>350 °C), the simulated REE profiles were enriched in the 
LREE, closer to the REE profiles observed in magmatic calcite in a typical carbonatite. To 
further constrain these simulations, a series of hydrothermal calcite precipitation experiments 
were carried out, where the REE partitioning between calcite and an aqueous fluid was measured 
at 200 °C and psat. The partitioning of REE between calcite-fluid can be described by the 
partition coefficient (DREE), and a comparison of this work to other studies conducted at ambient 
temperature shows that increasing the initial concentration of REE of the fluid or decreasing the 
temperature will lead to a decrease in DREE values. These results indicate that the REE become 
increasingly partitioned into the fluid at these conditions. Systematic variations of measured 
DREE as a function of ionic radii can be explained by the lattice strain theory in the experiments 
with higher initial REE concentrations (ppm range). In contrast, experiments with lower initial 
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REE concentrations (ppb range) could be partly predicted using a thermodynamic solid solution 
model. This model indicates that in a fluid saturated with calcite, coupled substitution of REE3+ 
for Ca2+, and 2OH- for CO3
2- in the calcite structure can explain the fluid-calcite partitioning 
behavior of certain REE in the experiments. The numerical modeling and experimental studies 
were complemented by a field study in the Lemitar and Caballo Mountains of New Mexico. 
Hydrothermal calcite veins were investigated using automated mineralogy, cathodoluminescence 
(CL), and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to study 
varying REE signatures in these carbonatite- and alkaline-hosted REE deposits. This study 
includes the discovery of a new carbonatite hosted in the Caballo Mountains episyenite. This 
study was undertaken to determine the controlling mechanisms resulting in varying chondrite-
normalized REE profiles associated with different stages of metasomatism. Two metasomatic 
stages were distinguished, in both the Lemitar and Caballo Mountains, including a 
chloritization/silicic alteration stage and a carbonatization stage, followed by calcite veining. CL 
signatures of hydrothermal calcite allows the distinguishing of several calcite generations that 
display varying REE signatures. Calcite from the Lemitar Mountains displays enriched 
LREE/HREE chondrite normalized profiles, whereas calcite from the Caballo Mountains are 
distinctly enriched in the HREE and display pronounced negative Eu anomalies. Calcite from the 
Caballo Mountains are HREE enriched, all with pronounced negative Eu anomalies. From this 
study, it is shown that hydrothermal REE mobilization and mineralization can be affected by 
many processes, and REE signatures recorded in hydrothermal calcite reflect complex alteration 
and mineralization sequences. Linking numerical modeling, experiments, and field observations 
is vital in order to understand what physicochemical conditions can lead to these varying REE 
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RARE EARTH ELEMENTS IN MINERAL DEPOSITS: SPECIATION IN 
HYDROTHERMAL FLUIDS AND PARTITIONING IN CALCITE 
Reproduced with permission from Geofluids. Copyright 2018, Creative Commons Attribution 
License 
Emily P. Perry1* and Alexander P. Gysi1 
Abstract 
Studying the speciation and mineral-fluid partitioning of the rare earth elements (REE) 
allows us to delineate the key processes responsible for the formation of economic REE mineral 
deposits in natural systems. Hydrothermal REE-bearing calcite is typically hosted in carbonatites 
and alkaline rocks, such as the giant Bayan Obo REE deposit in China and potential REE 
deposits such as Bear Lodge, WY. The compositions of these hydrothermal veins may yield 
valuable information regarding the pressure, temperature, salinity, and other physicochemical 
conditions under which the REE can be concentrated or fractionated in crustal fluids. This study 
presents numerical simulation results of the speciation of REE in NaCl-H2O-CO2-bearing 
hydrothermal fluids and a new partitioning model between calcite and fluids at different P-T-x 
conditions. Results show that in a high CO2, low salinity system, bicarbonate/carbonate are the 
main transporting ligands, but dominance shifts to chloride-bearing complexes in systems with 
high CO2 and high salinity. Hydroxyl-bearing REE complexes may be important for the 
solubility and transport of the REE in alkaline fluids. Our numerical predictions allow us to make 
quantitative interpretations of hydrothermal processes in REE mineral deposits, particularly in 




The economic significance of the REE is expected to increase in the coming years due to 
their varied uses in high technology and green industries (Hatch, 2012; Smith et al., 2016).  The  
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REE commonly occur in trace concentrations in the Earth’s crust (McDonough and Sun, 1995), 
while economic REE deposits typically are associated with carbonatite and alkaline/peralkaline 
igneous systems at intraplate tectonic settings. Prominent examples include Bayan Obo in China 
(Smith et al., 2016), Strange Lake and Nechalacho in Canada (Gysi et al., 2016; Möller and 
Williams-Jones, 2016; Salvi and Williams-Jones, 2006; Sheard et al., 2012), Mountain Pass, CA 
(Castor, 2008), and Bear Lodge, WY in the USA (Moore et al., 2015).   
 Igneous processes such as partial melting, crustal assimilation, melt immiscibility, and 
fractional crystallization, along with crustal metasomatism, can lead to the formation of REE-
enriched carbonatite, alkaline, and peralkaline melts (Andersen, 1986; Marks et al., 2003; Marks 
and Markl, 2017; Martin and De Vito, 2005; Smith et al., 2016; Vasyukova and Williams-Jones, 
2014; Vasyukova et al., 2016). Numerous studies have also indicated the importance of 
hydrothermal processes for the mobilization and concentration of the REE in the late magmatic 
evolution stages of carbonatite and alkaline/peralkaline systems (Broom-Fendley et al., 2016; 
Estrade, 2014; Gysi et al., 2016; Gysi and Williams-Jones, 2013; Salvi and Williams-Jones, 
2006, 1990). Secondary REE enrichment can be significant in the late stages of pluton 
emplacement, as evidenced by the Strange Lake REE-Zr-Nb deposit in Canada, where 
metasomatic processes led to hydrothermal mobilization and mineralization of the REE at the 
periphery of the pluton (Gysi et al., 2016; Gysi and Williams-Jones, 2013; Salvi and Williams-
Jones, 2006, 1990). Similar metasomatic processes were observed in the Tamazeght alkaline 
HFSE/REE-enriched pluton, in Morocco (Salvi et al., 2000).  
 Quartz-hosted fluid inclusions are generally used within mineralized carbonatites and 
peralkaline igneous complexes to determine the salinity, metal concentrations, and temperature 
of such ore-forming fluids (Banks et al., 1994; Bühn et al., 2002; Bühn and Rankin, 1999; Hou et 
al., 2009; Salvi and Williams-Jones, 2006, 1996, 1990; Smith et al., 1999). Another approach 
that can be used to understand the evolution of fluids in REE mineral deposits, is the study of 
fluid-mineral trace element partitioning. Calcite and fluorite are common gangue minerals, and 
trace elements are more compatible in these minerals than in quartz. Calcite has proven to be a 
useful geochemical tracer for the behavior of the REE in different types of ore-forming fluids 
and also for determining fluid reservoir characteristics (Debruyne et al., 2016). The partitioning 
of the REE results in characteristic patterns which can be used in evaluating ore-forming 
processes in hydrothermal mineral deposits (Debruyne et al., 2016). The REE are compatible 
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within the calcite structure, where substitution of REE3+ for Ca2+ can be achieved due to their 
similar ionic radii; this has also been observed in fluorite (Debruyne et al., 2016; Rimstidt et al., 
1998; van Hinsberg et al., 2010; Voigt et al., 2017).  
 Many studies have analyzed REE and other trace elements in natural calcite (Table 1.1), 
but interpreting these signatures is difficult because it requires an understanding of the interplay 
of REE speciation in hydrothermal fluids, the solubility of the minerals, and the incorporation 
mechanisms of REE in these minerals as a function of pressure, temperature, and fluid 
compositions (P-T-x). Recent experiments enable us to more accurately predict the formation of 
REE complexes with the major ligands Cl-, F-, and SO4
2- at hydrothermal conditions (Gammons 
et al., 1996; Migdisov et al., 2009, 2006). However, there is a lack of thermodynamic data at 
elevated temperatures for most REE hydroxyl and carbonate/bicarbonate complexes, which are 
based on theoretical extrapolations from low temperature (Haas et al., 1995; Migdisov et al., 
2016; Pourtier et al., 2010; Wood et al., 2002). Because of the complexity of natural systems, 
numerical modeling and experimental studies provide the means to explore the link between the 
compositional changes of these fluids and the trace element signatures of associated gangue 
minerals such as calcite.  
Experimental studies of REE partitioning between fluid-calcite (Curti et al., 2005; 
Rimstidt et al., 1998; Voigt et al., 2017) and -fluorite (van Hinsberg et al., 2010) have been 
carried out at temperatures <100 °C.  In the study of van Hinsberg et al. (2010), the partitioning 
behavior of the REE between fluid-fluorite yielded predictable results according to the REE 
ionic radii, and their experimental data were fit to the lattice strain model (Brice, 1975; Wood 
and Blundy, 1997). This model was later applied to the partitioning of REE between fluid-calcite 
for a set of selected REE by Voigt et al. (2017). Rimstidt et al. (1998) used available distribution 
coefficient data from the literature to evaluate trace element partitioning between fluid-
carbonates at temperatures up to 100 °C. The data were fit to a semi-empirical equilibrium 
partitioning model (McIntire, 1963). In this study, they observed a similar behavior of the REE 
with ionic radii. While these experimental data will be useful to develop future thermodynamic 
models of trace element partitioning, they are not currently applicable to model natural system 
using available numerical modeling codes. In contrast, Curti et al. (2005) studied the 
thermodynamics of Eu uptake into calcite under varying pH and pCO2 conditions at room 
temperature and found that the partitioning of Eu could be predicted using equilibrium 
! 4 
thermodynamics and different types of solid solution models. In their study, they used the dual 
thermodynamic approach, which is based on Gibbs energy minimization and implemented in the 
GEM-Selektor code package (Kulik, 2006; Kulik et al., 2013).  
In this study we present numerical simulations for the speciation and partitioning of REE 
between calcite and crustal fluids at hydrothermal temperatures (~100-400 °C) and pressures up 
to 1 kbar. The simulated conditions aim to approximate the chemistry of simple aqueous-
carbonic fluids, as well as their driving mechanisms for REE mobilization associated with REE 
deposit formation in carbonatites and alkaline systems. We simulate the REE speciation in a 
CO2-NaCl-poor near-surface crustal fluid and in deeper CO2-NaCl-rich fluids to approximate 
conditions relevant to important mineralization stages in carbonatites such as the Bayan Obo 
REE deposit. The simulated conditions aim to delineate the effects of changing temperature, pH, 
and salinity on the REE speciation and partitioning between calcite-fluid. Additionally, we 
briefly explore current methods for implementing fluid-mineral partitioning data into the GEM-
Selektor code package (Kulik et al., 2013) and define where the model may need more 
experimental data for accurately predicting the partitioning of REE in natural systems. To our 
knowledge, the simulation of the REE partitioning into calcite at hydrothermal conditions has not 
been undertaken, and here we apply it to ore-forming processes for the first time.  
 
1.2 Theoretical background 
1.2.1 The lattice strain model 
Semi-empirical partitioning models, such as the lattice strain model (Brice, 1975; Wood 
and Blundy, 1997), aim to determine a set of partition coefficients (Di) for ion i, where, for 
example, the partitioning of a trace ion between fluid and mineral is described by, 
            (1.1)      
and the partitioning of a major cation by, 
               (1.2)     
where [REE3+] and [Ca2+] indicate the concentrations of the respective ions in aqueous solution 
and in the calcite crystal. More details on how to relate partition coefficients and equilibrium 
constants can be found in Wood and Blundy (1997). In the rhombohedral crystal structure of 
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Table 1.1 Trace element compositions in calcite from natural carbonatite systems. 
 LocationRef; 






















Hydrothermal Hydrothermal  Hydrothermal  Magmatic Magmatic Magmatic 
La  1.22  2.82  7.44  609.20  129.07  132.98  
Ce 9.66  14.78  37.78  725.65 157.90  128.15 
Pr 3.55  4.47  9.30  69.95  13.42   15.00  
Nd 36.97  38.16  68.10  197.35  44.03  55.63  
Sm 58.22  53.78  53.41  21.92  8.37  8.31  
Eu  32.25  34.67  24.98  4.72  2.47  2.35  
Gd  126.66  130.40 88.25  9.61  5.76  8.56  
Tb 30.98  32.05  16.78  0.87  0.88  0.64  
Dy  185.55  209.75  96.66  2.75  3.12  5.33  
Ho  31.72 36.91  16.43  0.34  0.76 0.97  
Er 65.97  80.54  39.46  0.53  2.45  3.41  
Tm  6.46  8.71  5.15  0.05  0.19  <0.12  
Yb 27.36 32.45 33.76 0.18 1.65  1.86  
Lu  2.71 2.77 4.45 -- <0.18 0.24 
References: 1Olinger, 2012; 2Chakhmouradian et al., 2016 




calcite, Ca2+ has a 6-fold coordination, which corresponds to a Shannon radius of 1.00 Å, 
whereas the REE3+ have and ionic radii varying between 1.032 Å (La) and 0.861 Å (Lu). The 
lattice strain model is based on the Brice equation (Brice, 1975), and it considers the partitioning 
of an element as a function of its ionic radius, charge, and the elastic properties of the mineral 
lattice site (i.e., Young’s modulus). When the REE partition from an aqueous solution into a 
mineral like calcite, strain occurs on the crystal lattice because of this slight size and charge 
mismatch between REE3+ and Ca2+.   
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 Initial low temperature partitioning data by van Hinsberg et al., 2010), Voigt et al. 
(2017), and Rimstidt et al. (1998) indicate that the lattice strain model can be successfully 
applied to the partitioning of REE between aqueous fluids and hydrothermal minerals, including 
calcite and fluorite. These studies have shown that partition coefficients of REE can be related to 
their ionic radii and fit to the lattice strain model according to:  
                       (1.3) 
where D0 is the partition coefficient for a lattice site with a cation of ideal ionic radius and 
charge, Di the partition coefficient of a trace ion i, NA is the Avogadro constant, Es is Young’s 
modulus, r0 and ri are the ionic radii of the crystallographic site (i.e. Ca
2+ for calcite) and the 
substituting ion i (i.e. REE3+), respectively. The Young’s elastic modulus can be verified by 
experimental methods.  
An experimentally-based lattice strain fit can then be used to determine the REE3+ 
concentrations of an aqueous fluid at equilibrium with a mineral and even predict partition 
coefficients for elements with the same charge, which were not determined experimentally. A 
drawback of this model is that currently it cannot be implemented in numerical modeling codes 
for modeling equilibrium thermodynamics. The partition coefficients will have to be determined 
experimentally as a function of temperature and fluid chemistry to obtain the necessary 
parameters for fitting REE data to the lattice strain model. The Brice equation (Brice, 1975) will 
either need to be modified or coded for implementing the various parameters of Equation 1.3.  
 
1.2.2 Multicomponent solid-solution models 
To simulate the partitioning of REE3+ between fluid and mineral, the substitution 
mechanisms of the ion in the crystal lattice and the energy involved need to be determined. There 
are two types of possible models that can be used, including the “forward modeling” and the 
“inverse modeling” approaches, which define what type of thermodynamic data have to be 
implemented in a thermodynamic database.  
 The “forward modeling” approach uses knowledge of either the solubility products (Ksp) 
or Gibbs energy of formation (ΔfG0) of known REE mineral endmembers (i.e., REE2(CO3)3, 
NaREE(CO3)2, REEOHCO3, REE(OH)3), and it can be readily implemented in a numerical 
modeling code if thermodynamic data are available for them. This approach assumes an ideal 
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solid solution model for calcite and the corresponding endmembers, since trace elements can be 
assumed to occur in concentrations small enough where activities of cations in the solid solutions 
can be assumed to be equal to mole fractions. There are several possible substitution mechanisms 
in the structure of calcite responsible for the partitioning REE3+: 
 
(4) 2 REE3+ + site vacancy = 3 Ca2+  Endmembers: REE2(CO3)3; Ca3(CO3)3 
(5) REE3+ + Na+ = 2 Ca2+  Endmembers: NaREE(CO3)2; Ca2(CO3)2 
(6) REEOH2+ = Ca2+   Endmembers: REEOHCO3; CaCO3 
(7) REE3+ + 3 OH- = Ca2+ +CO3
2- Endmembers: REE(OH)3; CaCO3 
 
where, for example, in Reaction (4) 2 REE3+ ions replace 3 Ca2+ and create a site vacancy, while 
Reaction (5) corresponds to a coupled substitution. Currently, only high temperature 
thermodynamic data are available for the REE(OH)3(s) endmembers, and therefore only 
substitution mechanism (7) was tested in the present numerical modeling study. 
 “Inverse modeling” is an alternative approach based on experimental partitioning data 
and the dual thermodynamic approach (Kulik, 2006). Using this method, it is possible to 
determine the Gibbs free energy of “fictive” end members and build a multicomponent solid 
solution model that may involve more complex stoichiometries. The advantage of this method is 
the possibility to analyze several experimental datasets at different pH and salinities. This 
method can also be used to determine possible substitution mechanisms to be implemented in the 
model. This approach was used to interpret room temperature experimental data for the uptake of 
Eu into calcite (Curti et al., 2005). However, implementation of this model and determination of 
the substitution mechanisms of REE in calcite will require additional experimental data to be 
applicable at hydrothermal conditions in ore-forming systems. These calculations also need to be 
complemented by spectroscopic measurements to verify that the calculated thermodynamic 
model can be tied to observed substitution mechanisms (Elzinga et al., 2002).  
 
1.2.3 Numerical modeling codes: LMA and GEM methods 
Current numerical modeling codes can implement various solid solution models. Law of 
mass action (LMA) codes such as PHREEQC (Parkhurst and Appelo, 2013), TOUGHREACT 
(Xu et al., 2011), and Geochemist’s Workbench® (Bethke, 2007) use databases involving 
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equilibrium constants (logK) for a set of mineral dissolution reactions and master species, and 
they utilize the Newton-Raphson method to solve for chemical equilibria. These codes are robust 
and fast but not adequate to simulate the partitioning of REE between fluids and minerals since 
they are limited to simple binary and/or tertiary solid solution models. Gibbs energy 
minimization (GEM) codes such as GEM-Selektor (Kulik et al., 2013) are more ideal to solve 
complex multicomponent and multiphase systems, which can involve any number of solid 
solution endmembers and mixing on different crystallographic sites. The GEM-Selektor code 
package includes several types of non-ideal mixing models (Gysi, 2017; Kulik, 2006; Lanari et 
al., 2014; Wagner et al., 2012). This can be partly related to the larger thermodynamic input data 
(i.e., Gibbs energy G, enthalpy H, entropy S, heat capacity functions Cp, and volume V) of their 
thermodynamic databases and to their numerical solver (Kulik, 2006; Kulik et al., 2013). Both 
code types have their advantages and disadvantages, and the recent development of the Reaktoro 
code package (Leal et al., 2016a, 2016b), which combines the strengths of both LMA and GEM 
methods, has seen many promising improvements for simulating complex chemical systems and 
reactive transport problems. The present study focuses on the GEM method. 
 
1.3  Methods 
1.3.1 Thermodyanmic dataset and activity models 
The thermodynamic dataset used in this study is the MINES database 
(http://tdb.mine.edu), which can be downloaded and managed with the GEMS code package 
(Kulik et al., 2013). A detailed list of minerals, aqueous species, and gases used from this 
database for the Ca-C-Na-Cl-O-H-REE components system can be found in Table 1.2. This 
dataset comprises mineral data from Holland and Powell (1998) (HOLLAND and POWELL, 
1998) and aqueous species from SUPCRT92 (Haas et al., 1995; Johnson et al., 1992; Shock et 
al., 1997; Shock and Helgeson, 1988), with the recently updated internally consistent dataset of 
Miron et al. (2016) (Miron et al., 2016)  using the GEMSFITS code package (Miron et al., 2015). 
Experimental data for REE chloride aqueous species were implemented using data from the 
study of Migdisov et al. (2009) (Migdisov et al., 2009), the HCl dissociation constants of 
Tagirov et al. (1997) (Tagirov et al., 1997), and the properties of REE(OH)3(s) compiled in the 
study of Navrotsky et al. (2015) (Navrotsky et al., 2015). Data for aqueous REE carbonate and 
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bicarbonate species were included using the theoretical predictions of Haas et al. (1995) (Haas et 
al., 1995), which are currently the only available high temperature thermodynamic data for these 
species. For an in depth review on available experimental data for REE aqueous species and 
limitations, the reader is referred to the recent study by Migdisov et al. (2016) (Migdisov et al., 
2016). 
 The standard state adopted in this study was unit activity for pure H2O, and for the 
aqueous species in a hypothetical one molal standard solution referenced at infinite dilution at 
any pressure and temperature. The standard state for minerals was that of a pure phase. All 
activity models and equations of state were calculated using the TSolMod library class 
implemented in GEM-Selektor (Wagner et al., 2012). The activity model used for aqueous 
species was the extended Debye-Hückel according to Robinson and Stokes (1968) (Robinson 
and Stokes, 1968), using the extended Debye-Hückel parameters of Helgeson et al. (1981) 
(Helgeson et al., 1981), assuming NaCl as the background electrolyte. The equation of state used 
for real gases (CO2–CH4–CO–H2O) was the Peng-Robinson-Stryjek-Vera (PRSV) model 
(Stryjek and Vera, 1986). The solid solution model adopted for simulating the partitioning of 
REE into calcite was an ideal solid solution between CaCO3 and REE hydroxide endmembers. 
This model includes correction for the configurational entropy resulting from the assumption of 
random mixing on the crystallographic Ca2+ site of calcite. 
 
1.3.2 Simulation set up 
Numerical simulations of calcite-fluid interaction were carried out using the GEM-
Selektor code package (http://gems.web.psi.ch). In these thermodynamic calculations, we aim to 
determine the speciation of REE in aqueous and carbonic fluid mixtures and their partitioning 
behavior between fluid-calcite as a function of temperature, salinity, and pH. The simulated 
models assume various scenarios of hydrothermal calcite vein formation to study the chemistry 
of the fluids responsible for REE transport in ore forming systems with a particular focus on 
carbonatites. The model uses the components Ca-C-Na-Cl-O-H-REE, i.e. the chloride, hydroxyl, 
and carbonate/bicarbonate REE complexes. Other fluid components including F, S, and P, and 
their associated REE-bearing minerals (e.g., monazite-(Ce) and bastnäsite-(Ce)), as observed in 
Bayan Obo (Smith et al., 2000), were not included in the present simulations. The main reason 
these were omitted was to allow us to better distinguish the processes responsible for REE 
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fractionation solely associated with the solubility of calcite in aqueous-carbonic fluids. Omission 
of these components was also necessary in order to reduce the overall number of variables in the 
models. The starting fluid compositions are reported in Table 1.3, and these were modeled from 
generalized fluid inclusion data taken from various natural REE-enriched carbonatite and 




Table 1.2. Source of thermodynamic data for minerals, aqueous species, and gases included in 
the numerical simulations. 
 Species References 
Minerals  
Calcite, CaCO3  1 





+, Ca2+, CaCl+, 
CaCl2




0,   3, slop98.dat 

















0 3, slop98.dat 
Cl-species  




0, OH-, H+, H2O
0 3, slop98.dat 
Gases  
CO, CO2, CH4, H2, H2O, O2 8, 9, 10 
1Holland and Powell (1998). 2Navrotsky et al. (2015). 3SUPCRT92, Johnson et al. (1992). 
4Miron et al. (2016). 5Midisov et al. (2009; 2016). 6Haas et al. (1995). 7Tagirov et al. (1997). 
8Frenkel, et al. (1994).9Proust and Vera (1989). 10Stryjek and Vera (1986). 
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 Three speciation models with different initial fluid compositions were assumed (Model 
Ia-c), along with a fluid-calcite partitioning model (Model II). The three main subsystems were 
modeled with variable temperature (150 and 350 °C), initial XCO2, (0.01-0.1), and salinity (0.5 
and 20 wt.% NaCl). The initial REE concentration was set to 100 ppm, within the upper range of 
concentrations retrieved from natural fluid inclusion data (Andersen, 1986; Bühn et al., 2002; 
Bühn and Rankin, 1999; Migdisov et al., 2016; Smith and Henderson, 2000; Williams-Jones et 
al., 2000), and used in previous numerical modeling studies (Migdisov and Williams-Jones, 
2014). Variable pH values were fixed in the speciation model by titrating different amounts of 
NaOH into the starting fluids to reach saturation with calcite. In these models, the mobility of the 
REE was fixed by the stability of solid REE(OH)3.    
 Model Ia (CO2-NaCl-poor system) was conducted at temperatures of 150 and 350 °C, 
and at saturated water vapor saturation pressure (psat). Speciation Model Ia, represents a low 
pressure system, which is a simplified proxy for near-surface evolved crustal fluids with low 
XCO2 and salinity. Such a fluid can be considered as an analogue for a magmatic fluid, which 
later evolved due to CO2 loss from immiscibility, neutralization/fluid-rock interaction, and/or 
dilution from meteoric water input. These different processes can account for the low salinity 
and XCO2 of the fluid in shallow ore-forming environment.  
Model Ib and Ic were simulated using a simplified fluid inclusion dataset (i.e. omitting F, 
S and P) from the Bayan Obo REE deposit. Model Ib represents a NaCl-poor, CO2-rich system, 
relating to the early (monazite) mineralization stage for this deposit, while Model Ic represents a 
CO2-NaCl-rich composition related to the main stage mineralization event at Bayan Obo (Smith 
and Henderson, 2000) (Tables 1.3 and 1.4).  Model Ib (CO2-rich and NaCl-poor system) was 
conducted at temperatures of 150 and 350 °C, a pressure 1 kbar with a salinity of 0.5 wt.% NaCl. 
Model Ic (CO2-rich and NaCl-rich system), was simulated at the same conditions but with a 
salinity of 20 wt % NaCl. Model II is a REE partitioning model between fluid-calcite as a 
function of temperature from 25 to 400 °C, with conditions similar to Model Ib and Ic. This 
model aims to approximate the REE trace element concentrations in calcite expected in a 
hydrothermal calcite vein from proximal to distal from a heat source from a pluton. The initial 
REE concentration was set to 100 ppm, with salinities of 0.5, 5, and 20 wt.% NaCl and XCO2 of 
0.1. The partitioning of REE was modeled by an ideal solid solution model between calcite and 








Table 1.3. Starting conditions for the different model types. Parameters that were varied include 
temperature, pressure, salinity, and XCO2.; REE concentrations were fixed at 100 ppm. 
 
Model type T  pa Calcite  pHb REE  NaCl  XCO2 HCl  NaOH
c  
 (°C) (bar) (g)  (ppm) (wt. %)  (m) (m) 
Speciation (Ia) NaCl-CO2-
poor system  
150 psat 2 1.27 100 0.5  0.01 0.1 0.003-
1.05 
 350 psat 2 2.30 100 0.5  0.01 0.1 0.003-
1.05 
Speciation (Ib) CO2-rich 
NaCl-poor system 
150 1000 0.5 1.34 100 0.5  0.1 0.1 0.05-
12.53 




150 1000 0.5 1.35 100 20 0.1 0.1 0.05-
12.53 
 350 1000 0.5 2.27 100 20 0.1 0.1 0.05-
12.53 
 Fluid-calcite partitioning 
(IIa) 
25-400 1000 5-10 4.87 100 0.5 0.1 - - 
 25-400 1000 5-10 4.82 100 5 0.1 - - 
 25-400 1000 5-10 4.76 100 20 0.1 - - 
Fluid-calcite partitioning 
(IIb) 
25-400 1000 50 4.76 100 0.5 0.1 - - 
 25-400 1000 50 4.76 100 20 0.1 - - 
a 
psat is water vapor saturation pressure. psat(150 °C): 4.76; psat(200 °C): 15.54; psat(350 °C): 










Table 1.4. Fluid characteristics of selected natural alkaline and carbonatite systems based on 




















brines   
- Later CO2-NaCl-bearing, 
sulfate-poor brine 
- daughter minerals: 
gypsum, celestite, and 
barite  
Okorusu, Namibia; 
carbonatite; Bühn et 
al. (2002) 
250-420 0.8 to 1 <3 0.171 Orthomagmatic in origin; 
high in alkali + F, low in 
Ca  
- daughter minerals: halite, 
sylvite, nahcolite, Kfs, 
Ba/Ca hydroxides, galena, 
cerussite, fluorapatite, 





and Rankin (1999) 
180-250 Not 
reported 
Saline 0.340-0.520  Volatile rich (~40 wt% 







≥4 8-24 A) 0.05-0.07 
B) Not 
reported 
Fluids all magmatic in 
origin. Type A fluids are 
most primitive with phases 
H2O + CO2 + CO2(v) + 
solid carbonates; Type B 
are more evolved but 
derived from A, with 
phases H2O + vapor + solid 
(carbonates or halite) 
Bayan Obo, China; 
carbonatite; Smith 





0.1-20.2 0.10-0.45  - Early monazite stage: 
280-360 °C and >0.7 kbar 
and 1-5 wt.% NaCl, XCO2 
from 0.28-0.45 
- Main stage bast-(Ce): 
~300 to >400 °C, 0.9-1.4 
kbar, 6-10 wt.% NaCl, 
XCO2 of 0.10-0.30 
a Reported homogenization temperatures of fluid inclusions. bMole fraction calculations based on 
all components present in the fluid chemistry data (i.e., not necessarily nCO2/(nCO2 + nH2O). 
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1.4  REE speciation model  
1.4.1 Model Ia (CO2-NaCl-poor): shallow system 
Speciation Model Ia simulates the formation of a calcite vein in a near-surface (low 
pressure), evolved crustal fluid; results are displayed in Figure 1.1. These simulations are 
modeled with low initial CO2 and NaCl concentrations (Table 1.3). The REE chloride species are 
generally dominant at low pH up to ~4.25 to 5.25, and hydroxyl REE species at higher pH 
values. This transition from REE chloride to REE hydroxyl dominant species is shifted to lower 
pH values with increasing atomic number (i.e., Ce, Nd, followed by Er). The REE carbonate and 
bicarbonate are minor at all simulated conditions of this model. With increasing temperature, the 
activity of REE3+ becomes insignificant over the activity of the REE chloride species.  
In the simulations at 150 °C, the dominant Ce specie is CeCl2
+ to pH values of ~5.25 
(Fig. 1.1A). Above this pH, Ce-hydroxyl species become dominant in order of Ce(OH)2
+ and 
then Ce(OH)3
0 with increasing pH. Simulations of Nd-bearing species at 150 °C show similar 
trends to those of the Ce-bearing species. From low pH values to ~4.5, NdCl2
+ is dominant (Fig. 




- with increasing pH.  The dominant Er-bearing specie at 150 
°C (Fig. 1.1C) is ErCl2+ to pH values of ~4.25 followed by the hydroxyl species in order of 
Er(OH)2+, Er(OH)3
0, and finally Er(OH)4
-, displaying a large predominance field at pH values of 
>6.5. 
           In contrast to the simulations at 150 °C, the simulated Ce-hydroxyl species at 350 °C 
display an increase in the stability of Ce(OH)3
0 over Ce(OH)2
+ (Fig. 1D). Additionally, with 




-. The dominant Nd-bearing species at 350 °C are NdCl+2 and NdCl2
+ to pH values of 
~4.75 (Fig. 1.1E) followed by Nd(OH)3
0 at pH of ~4.75 to ~6.75, and Nd(OH)4
- to higher pH, the 
latter showing a large field of predominance. The dominant Er-bearing specie at low pH is 
ErCl2
+, rather than ErCl2+, to a pH of 4.5 (Fig. 1.1F), followed by ErOH3
0 which is dominant to 
pH values of ~5.75, and ErOH4
-  at higher pH. This is in contrast to the 150 °C simulations, 
where Er(OH)2+ is the first Er-hydroxyl specie to be dominant. The dominance of hydroxyl-
bearing species at pH >6 is due to the increased availability of free OH- ions at elevated pH and 
overall lack of enough available carbonic species due to the low XCO2 in the simulated fluid and 
the formation of calcite. 
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Figure 1.1: Model Ia (CO2-NaCl-poor) showing the REE speciation in a shallow hydrothermal 
system. Results show the speciation of Ce, Nd, and Er as function of pH at 150 and 350 °C and 
psat. The starting fluid had a composition of 100 ppm REE, XCO2 of 0.01, and 0.5 wt. % NaCl. 
The blue field with solid outline represents the field of REE(OH)3(s) stability, while the yellow, 
dashed outline field corresponds to the stability field of calcite. 
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Calcite is stable in the 150 °C models from a pH of 6.02 to >10, whereas in the 350 °C 
models, it is stable from a pH of 5.92 to >10 (Fig. 1.1). Solid Ce(OH)3 is stable from a pH of 
5.34 to 10 and a pH of 4.81 to 8.83 at 150 and 350 °C, respectively (Fig. 1.1A & 1.1D). Solid 
Nd- and Er(OH)3 become stable at lower pH with increasing atomic number (Fig. 1.1B, 1.1E, 
1.1C, & 1.1F). Solid Nd(OH)3 is stable from a pH of 5.28 to 9.98 and 4.71 to 8.23 at 150 and 350 
°C, respectively (Fig. 1.1B & 1.1E). Solid Er(OH)3 is stable at 150 °C from pH 4.28 to 9.70 and 
from pH 3.60 to 8.30 at 350 °C (Fig. 1.1C & 1.1F). The smaller stability field of the solid REE 
hydroxides at 350 °C, can be related to the stabilization of the REE(OH)4
- species with 
increasing pH. 
 
1.4.2 Model Ib (CO2-rich, NaCl-poor): deeper carbonatite system 
Speciation Model Ib simulates conditions of calcite vein formation with an initial fluid 
composition corresponding to the early mineralization stage of Bayan Obo (Smith and 
Henderson, 2000) (Tables 1.3 and 1.4). In this model, XCO2 was set to 0.1 and the salinity is low 
(0.5 wt.% NaCl). As shown in Figure 1.2, the simulated REE speciation is considerably modified 
in comparison to Model Ia due to the increased amount of CO2 within the system. The stability 
of the REE chloride species and REE3+ is generally restricted to pH values <4 at 150 °C, due to 
the predominance of REE carbonate and bicarbonate species, whereas REE-hydroxyl species are 
dominant at pH values >6-6.5. This transition from REE3+/REE chloride to REE 
carbonate/bicarbonate is shifted to lower pH values with increasing atomic number (i.e., Ce, Nd, 
followed by Er).  Simulation results from the 350 °C models show that at this elevated 
temperature, REE bicarbonate and –carbonate species display very low activities, and only REE 
chloride and –hydroxyl species are dominant.  
 In the simulations at 150 °C, CeCl2
+ is the dominant REE chloride, and CeHCO3
2+ the 
dominant REE bicarbonate species to a pH of ~6.5 (Fig. 1.2A). At higher pH, CeOH3
0 is 
dominant to pH values of 9.25, followed by CeOH4
- at higher pH. Cerium formed a stronger 
bicarbonate complex than NdHCO3
2+ or ErHCO3
2+, as evidenced by its larger pH range of 
predominance (Fig. 1.2A, 1.2B, & 1.2C). Simulations of Nd-bearing species at 150 °C show 
similar trends to those of the Ce-bearing species but the major chloride species is NdCl2+ to a pH 
of ~3.75. This is followed by NdHCO3




Figure 1.2: Model Ib (CO2-rich, NaCl-poor) showing the speciation of REE in a deeper 
carbonatite system. Results show the speciation of Ce, Nd, and Er as function of pH at 150 to 
350 °C and 1 kbar. The starting fluid had a composition of 100 ppm REE, XCO2 of 0.1, and 0.5 
wt.% NaCl. The blue field with solid outline represents the field of REE(OH)3(s) stability, while 
the yellow, dashed outline field corresponds to the stability field of calcite. 
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stable (Fig. 1.2B). Similar to Model Ia, NdOH3
0 and NdOH4
- are stable to high pH. Simulations 
of Er-bearing species at 150 °C showed some differences to Ce in that ErCl2+, rather than ErCl2
+, 
is the dominant Er chloride specie to a pH value of 3.75 (Fig. 1.2C). The stability of ErHCO3
2+ 
and Er(OH)3
0 is only over a small pH range in comparison to Nd and Ce species, and Er(OH)4
- is 
dominant at pH >6.25. 
 The simulations carried out at 350 °C display a much larger stability of the REE chloride 
and –hydroxyl species in comparison to the 150 °C simulations (Fig. 1.2D, 1.2E, & 1.2F). 
Bicarbonate and carbonate REE species are unimportant at these conditions. Instead of CeCl2
+ as 
the dominant Ce-chloride specie at 150 °C, CeCl2+ is dominant at 350 °C up to pH values of 
~4.5, followed by a small pH interval where CeOH2
+ is stable. Dominance then shifts to CeOH3
0 
at pH of ~5.25 to 6.75. This is followed by the dominance of CeOH4
- to higher pH (Fig 1.2D). 
The overall simulated Nd- and Er-bearing species at 350 °C are similar to Ce except that the pH 
transitions between REE chloride and hydroxyl species are shifted to lower pH values with 
increasing atomic number of the REE (Fig. 1.2E & 1.2F).  
Calcite is stable in the 150 °C models above a pH value of 5.07, whereas in the 350 °C 
models, it is stable above a pH value of 5.37 (Fig. 1.2). This shift in the calcite solubility with 
temperature can be explained by the temperature dependence of the ionization of HCO3
- to form 
CO3
2-. Solid Ce(OH)3 is stable above pH 6.11 and from a pH of 4.96 to 8.09 at 150 and 350 °C, 
respectively (Fig. 1.2A & 1.2D). Solid Nd- and Er(OH)3 become stable at lower pH with 
increasing atomic number. Solid Nd(OH)3 is stable above a pH of 6.03 and from pH 4.96 to 7.45 
at 150 and 350 °C, respectively (Fig. 1.2B & 1.2E). Solid Er(OH)3 is stable at 150 °C at pH 
values from 4.46 to 9.85 and from pH values of 4.01 – 7.41 at 350 °C (Fig. 1.2C & 1.2F). The 
smaller stability field of the solid REE hydroxides at 350 °C, can be related to the stabilization of 
the REE(OH)4
- species with increasing pH, similarly to Model Ia. 
  
1.4.3 Model Ic (CO2-NaCl-rich):  deeper carbonatite system 
Speciation Model Ic simulates conditions of calcite vein formation with an initial fluid 
composition corresponding to the main mineralization stage at Bayan Obo (Smith and 
Henderson, 2000) (Tables 1.3 and 1.4). The results of the simulations of these saline (20 wt.% 
NaCl) and CO2-rich (XCO2 of 0.1) fluids are shown in Figure 1.3. In the simulations at 150 °C, 
the REE chloride species are dominant to pH values of ~5.75-6.5, with a considerable increase in 
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dissolved REE activities in comparison to Models Ia and Ib. The onset of solid REE hydroxide 
stability is linked to the change from the dominance of REE chloride species at low pH to that of 
REE carbonate or –bicarbonate species at 150 °C or to REE hydroxyl species at 350 °C at higher 
pH. In the 350 °C simulations, this transition occurs between at pH of 4.75 – 5.25, though only 
hydroxyl-bearing species were important in these models. As in the 150 °C simulation, this 
transition pH at 350 °C appears to shift to lower values with increasing atomic number of the 
REE. The transition from chloride to hydroxyl specie dominance is due to the increase in 
available OH- ions with increasing pH, while the overall lowered activities are due to the 
precipitation of solid REE hydroxides making the REE unavailable to form aqueous complexes. 
The REE bicarbonate and carbonate are less important under the simulated conditions at elevated 
temperature due to the increase in salinity in this model which favors higher activities of the 
chloride-bearing complexes. 
 The simulations conducted at 150 °C show CeCl2
+ to be the principal specie to pH values 
of 6.5 (Fig. 1.3A). From pH 6.5 to 9.25, CeOH3
0 is dominant, followed by CeOH4
- to higher pH 
values (Fig. 1.3A). Neodynium- and Er-bearing species formed at the simulated conditions are 
similar to Ce, albeit occurring at slightly different pH; REECl2
+ is dominant at pH values up to 6 
(Nd) and 5.5 (Er), followed by NdCO3
+ and ErCO3
+ to pH values ~6.75 and 6, respectively. 
Overall the dominant REE species then shifts to the hydroxyl species. From pH of ~6.75 to 8 and 
6 to 6.25, NdOH3
0 and ErOH3
0 are dominant, respectively, followed by NdOH4
- and ErOH4
- at 
higher pH values (Fig. 1.3B & 1.3C). The effect of decreasing transition pH with increasing 
atomic number is evident in these results (Fig. 1.3A-C). 
 At 350 °C, Ce-bearing species behaves the same as in the model at 150 °C, though with 
pH transitions shifted to slightly lower values (Fig. 1.3D). The Nd- and Er-bearing simulations 
show a definite change in the speciation results at this higher temperature; REE carbonate 
species are, as seen in Model Ib, only important in high CO2, lower temperature (150 °C) 
systems, regardless of salinity. They are not dominant for these REE at elevated temperature. 
REE hydroxyl species become dominant at this temperature at pH values as low as 4.6  
(Er(OH)4
-) (Fig. 1.3E & 1.3F).  
Calcite is stable in the 150 °C models at pH above 5.26, whereas in the 350 °C models, it 
is stable above a pH of 5.65 (Fig. 1.3). Solid Ce(OH)3 is stable at pH above 6.19 and pH values 
of 5.29 to 7.96 at 150 and 350 °C, respectively (Fig. 1.3A & 1.3D). Solid Nd(OH)3 is stable at 
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pH above 6.07 and from pH 5.19 to 7.29 at 150 and 350 °C, respectively (Fig. 1.3B & 1.3E). 
Solid Er(OH)3 is stable at 150 °C from a pH of 4.89 to 9.84 and from 4.19 to 7.26 at 350 °C (Fig. 
1.3C & 1.3F). 
 
1.5   Calcite-fluid REE partitioning (Model II)  
1.5.1 Model IIa: REE fractionation in calcite 
In this model, we simulate the solubility of calcite and the partitioning of all the REE 
between fluid-calcite using a solid solution model according Reaction (4). As shown in Figure 
1.4, we investigate the role of temperature and variable salinities of 0.5, 5 and 20 wt.% NaCl on 
the mole fraction of precipitated REE in calcite (XREE calcite).  
 The overall partitioning behavior of the REE is similar at all simulated conditions, where 
the heavy (H)REE, including Er, Dy, Yb and Ho, are preferentially incorporated into calcite at 
low temperature and the light (L)REE, including La, Ce and Pr, at higher temperature. An 
overall decrease with temperature of simulated XREE in calcite is also observed for all the REE, 
which correlates with an increase of calcite precipitation at higher temperature. The simulated 
XREE display more significant fractionation at low temperature (<250 °C); this becomes less 
pronounced at elevated temperature (>350 °C). This behavior is exemplified by the simulations 
with 0.5 wt.% NaCl and 5 g of added calcite (Fig. 1.4A). In these simulations, Dy and Er are 
preferentially incorporated into calcite at ~100 °C, and the LREE at temperatures >150 °C until 
the XREE in calcite does not change significantly, for either the LREE or HREE at >250 °C.  
 Comparison of the simulations with 5 g of added calcite (Fig. 1.4A, 1.4C, & 1.4E) vs. the 
simulations with 10 g of added calcite (Fig. 1.4B, 1.4D, & 1.4F), display an overall shift of XREE 
in calcite with temperature, which correlates with the onset of calcite saturation. Simulations 
with 20 wt.% NaCl (Fig. 1.4E & 1.4F) illustrate this partitioning behavior, where peaks of XEr 
and XDy occur at temperatures of ~200 °C in the model with 5 g of added calcite, whereas these 
peaks are shifted to ~150 °C in the model with 10 g of added calcite, respectively.  
 Simulations carried out at 0.5, 5, 20 wt.% NaCl display an overall decrease in calcite 
saturation with increasing salinity. This decrease in calcite solubility results in an important shift 





Figure 1.3: Model Ic (CO2-NaCl-rich) showing the speciation of REE in a deeper carbonatite 
system. Results show the speciation of Ce, Nd, and Er as function of pH at 150 to 350 °C and 1 
kbar. The starting fluid had a composition of 100 ppm REE, XCO2 of 0.1, and 20 wt.% NaCl. 
The blue field with solid outline represents the field of REE(OH)3(s) stability, while the yellow, 
dashed outline field corresponds to the stability field of calcite.!  
! 22 
the fractionation behavior of the REE becomes more pronounced with increasing salinity. For 
example, in the simulations with 5 g of added calcite (Fig. 1.4A, 1.4C, & 1.4E), the fractionation 
between LREE and HREE in calcite is less significant at temperatures of >400 °C for the 
simulations with an initial salinity of 20 wt.% NaCl, whereas this temperature threshold drops to 
~250 °C for the simulation with 0.5 wt.% NaCl. These observations suggest that salinity and 
calcite saturation both play a major role in the partitioning behavior of the REE in natural 
systems, where addition of NaCl will lead to a more fractionated fluid-calcite partitioning 
behavior compared to a lower salinity system.  
1.5.2 Model IIb: REE speciation as a function of temperature 
The stability of aqueous REE complexes is simulated in Model IIb for Ce, Nd and Er as a 
function of temperature and salinity, where the REE were allowed to fractionate into calcite (Fig. 
1.5).  Carbonate and bicarbonate are the major ligands for REE speciation at temperatures 
ranging between <200-250 °C in the low salinity system (0.5 wt.% NaCl; Fig. 1.5A, 1.5C, & 
1.5E). The stable LREE (i.e., Ce and Nd) species are dominantly bicarbonates (i.e., NdHCO3
2+ 
and CeHCO3
2+) at the simulated conditions, whereas the HREE display a larger stability for 
carbonate species (i.e., ErCO3
+). An overall decrease in simulated REE ligand activities is 
observed with increasing temperature due to an increase in REE-bearing calcite precipitation 
related to its retrograde solubility. The simulated activities of REE chloride species increase with 
temperature, level off, and decrease again. These species are relatively unimportant, however, 
due to the elevated pH conditions at calcite saturation. The simulated REE species are 
dominantly REE hydroxyl complexes with very low overall REE activities in the aqueous fluid 
above a temperature of 200 °C.  
 The dominant REE species are different in the simulations with a salinity of 20 wt.% 
NaCl. The carbonate and bicarbonate species are replaced by REE chlorides (i.e., REECl2+ and 
REECl2
+) in the saline system at temperatures up to 300-350 °C for Ce and Nd, and up to 250 °C 
for Er (Fig. 1.5B, 1.5D, & 1.5F). At elevated temperatures, a higher stability of LREE over the 
HREE chloride species is observed, where the overall activity of REE decreases sharply between 
100 and 400 °C. It follows that the REE hydroxyl species play a minor role for the mobility of 
the REE in the saline system.  
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1.6  Implications for REE partitioning in natural systems 
1.6.1 Uncertainties and assumptions of the model 
The numerical simulations presented in this study are meant to represent several 
scenarios of calcite vein formation. It must be emphasized that these models assume a simplified 
closed-system under varying hydrothermal conditions to assess in more detail the chemistry of 
REE-bearing fluids saturated with calcite. In an effort to better understand the speciation and 
partitioning of the REE, simplifications of the simulated fluids required the exclusion of some 
components sometimes found in natural systems, such as F, P, and S. While these exclusions 
represent a limitation in the way of directly applying these models to certain natural systems, 
doing so allowed us to selectively assess the effects of REE hydroxides and calcite solubility on 
the REE partitioning behavior in these fluids, decoupled from other possible controls. For 
example, F-bearing minerals such as bastnäsite-(Ce) and P-bearing minerals such as monazite-
(Ce) have very low solubilities (Cetiner et al., 2005; Gysi et al., 2015; Gysi and Williams-Jones, 
2015; Poitrasson et al., 2004) and will sequester some of the LREE from the fluids. 
An uncertainty of the current model resides in the difficulty in determining the accuracy 
of the thermodynamic properties for REE carbonate, bicarbonate, and hydroxyl aqueous species 
at high temperature. These data rely on theoretical extrapolations of Haas et al. (1995) from 
ambient condition experiments and have not yet been experimentally verified, except for certain 
hydroxyl species (see review by Migdisov et al., 2016). Experimental data from Wood et al. 
(2002) for Nd hydroxyl species show that the theoretical predictions of Haas et al. (1995) may 
significantly overestimate the stability of these complexes at elevated temperature. This is in 
contrast to the study by Pourtier et al. (2010), who determined the solubility of monazite-(Nd) 
from 300 to 800 °C at 2 MPa. These experiments better agree with the predictions by Haas et al. 
(1995) at 300 °C in the low pH range, whereas their experiments showed better agreement with 
Wood et al. (2002) at high pH. Due to the limited availability of experimental data at high 
temperature, the present simulations were created using the extrapolations from Haas et al. 




Figure 1.4: Rare earth element fluid-calcite partitioning Model IIa at 1 kbar, showing the mole 
fraction of REE (XREE) in calcite as a function of temperature, salinity (0.5, 5, and 20 wt.% 
NaCl) and calcite saturation. The starting fluid had a composition of 100 ppm REE, and XCO2 of 





Figure 1.5:  Rare earth element fluid-calcite partitioning Model IIb at 1 kbar, showing the 
speciation of REE in a fluid in equilibrium with REE-bearing calcite as a function of temperature 
and salinity (0.5 and 20 wt.% NaCl).  The starting fluid had a composition of 100 ppm REE, 
XCO2 of 0.1, and 50 g of calcite. 
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Simulations with high salinities and low pH are not likely to be affected by these data 
since the major REE ligands are predominantly chloride species based on experiments at 
hydrothermal conditions (Migdisov et al., 2016). Our results show, however, that REE hydroxyl 
complexes could contribute significantly to the overall dissolved REE content within ore-
forming fluids at near-neutral to high pH. It is therefore imperative to gather more data for these 
complexes in order to successfully understand and model these species at elevated temperature. 
Lastly, solid Lu(OH)3(s) data for Lu are not available, as it was omitted in the Navrotsky et al. 
(2015) study. Cerium-, Dy-, Er-, and Tm(OH)3(s) thermodynamic functions, also from the 
aforementioned study, were derived from thermochemical data reported in Diakonov et al. 
(1998). Thermodynamic properties were calculated from available data in the literature, and 
unknown values were found using the correlations given in Bratsch and Lagowski (1985). This 
highlights another need for more experimental data and further verification of theoretical 
predictions.  
 
1.6.2 Hydrothermal REE transport and comparison to previous modeling studies 
The REE commonly form complexes with the following ligands in crustal fluids: Cl-, 
CO3
2, F-, OH-, PO4
3-, SO4
2-. The stability of these REE complexes from ambient temperature up 
to ~150 °C can be predicted using Pearson’s rules (Pearson, 1963; Williams-Jones et al., 2012). 
These rules are based on the hard/soft ligand theory and state that monovalent ligands, when 
complexed with REE, have the following order of stability: F- > OH- > NO3
- > Cl- > Br-. 




Based on ionic REE properties, the stability of REE complexes increases with atomic number 
from La to Lu, where the stability of Y would be between Ho and Er, and the stability of Sc 
would be after Lu (Pearson, 1963; Williams-Jones et al., 2012).  
 Experimental studies have shown that at higher temperature (above 150 °C) the 
speciation behavior of the REE deviates considerably from these predictions. At these 
conditions, the REE-chloride and –fluoride complexes show a decrease in stability from La to Lu 
leading to a possible fractionation of the REE (Migdisov et al., 2016, 2009).  Despite REE 
forming stronger complexes with fluoride than chloride, a numerical modeling study by 
Migdisov and Williams-Jones (2014) concluded that chloride is the main transporting ligand in 
natural and ore-forming fluids. These simulations were carried out from 200 to 400 °C at 1 kbar, 
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focusing on several subsystems, including REE-F-Cl-H-O. Their simulated predictions indicate 
that at low to weakly acidic pH the REE chloride species are dominant, and their predominance 
field increases to higher pH with increased temperature, leading to dissolved REE concentrations 
of >1 ppm. At near-neutral and alkaline pH, when the weak hydrofluoric acid (HF0) dissociates 
to release a proton (H+) and F-, fluoride is available to complex with the REE. However, due to 
the presence of insoluble REE fluorides (REEF3) in their simulations, the REE concentrations 
were decreased considerably in the fluids. This led Migdisov and Williams-Jones (2014) to 
interpret the fluoride ions as depositional ligands (i.e. leading to precipitation), as opposed to a 
transporting ligand represented by the chloride ions. Even though REE fluorides are not 
commonly observed, their major point was that insoluble F-bearing minerals will control the 
availability of REE at high pH. These may include fluorocarbonates (bastnäsite, synchysite) and 
even REE-bearing fluorite. 
 Our study is in agreement with these previous simulations by Migdisov and Williams-
Jones (2014), as seen in the speciation plots (Figs. 1.1-1.3). In our simulations, the REE chloride 
species were stable at low to near-neutral pH at 150 and 350 °C, with increased stability at the 
higher temperature. Since our models are free of F but contain CO2, the mobility of the REE is 
not limited by the solubility of REE fluorides at high pH but by the solubility of the REE 
hydroxides, which become stable at pH values ranging between ~3.75 to ~6, depending on the 
simulated conditions. This limits the mobility of the REE at near neutral pH. However, 
significant addition of a base such as NaOH at high temperature will buffer the pH to values 
>7.5-8 to 10, and permit the dissolution of significant amounts of REE due to the increased 
stability of the REE(OH)4
-  species (Figs. 1.1-1.3; models at 350 °C). This REE hydroxyl species 
could therefore function as a main transporting ligand, especially in high temperature alkaline 
fluids that may be present in carbonatite systems (Bühn and Rankin, 1999).  
 The mobility of the REE will also depend on the solubility of the REE-bearing calcite 
considering a solid solution between the REE hydroxides and CaCO3 (Figs. 1.4 & 1.5).  In 
contrast to the speciation model (Model Ia-c), the simulated REE partitioning model (Model II) 
assumes a pH that is buffered uniquely by fluid-calcite equilibria (without additional NaOH). At 
these conditions, the predicted transporting ligands for the REE are the bicarbonate/carbonate 
complexes in a high-CO2 and low salinity system, and the chloride complexes in a high-CO2 and 
high-salinity system (Fig. 1.5). In addition, the REE are predicted to more soluble <200 °C, 
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which is closely related to the retrograde solubility behavior of calcite, which will favor the 
mobilization of the REE. The increased stability of calcite at high temperature will lead to very 
low REE activities, and REE hydroxyl species seem therefore unimportant for REE mobilization. 
This implies that in a calcite vein, lower temperature and the presence of chloride and 
carbonate/bicarbonate complexes will play an important role for transport of REE in 
hydrothermal systems.   
 
1.6.3 REE partitioning in natural calcite 
Fluid reservoirs and REE mineral solubilities are commonly assumed to be the main 
limiting factors for the partitioning of REE between calcite-fluid in natural systems (Debruyne et 
al., 2016). Chondrite-normalized REE profiles of natural calcite are generally LREE-enriched, 
due to their closer ionic radii (i.e. 1.03 Å for La3+ and 1.00 Å for Ca2+ in 6-fold coordination).  In 
carbonatites such as at Bear Lodge, WY, calcite compositions display variations in their REE 
fractionation behavior between LREE and HREE, which has been ascribed to hydrothermal 
processes (Moore et al., 2015; Olinger, 2012), and this is also observed in other carbonatite 
complexes (Chakhmouradian et al., 2016). A compilation of REE concentrations in natural 
calcite from carbonatite complexes (Table 1.1) reveals that magmatic REE profiles are 
commonly LREE-enriched, whereas hydrothermal overprint may lead to enrichment in middle 
(M)REE and HREE, leading to characteristic REE profiles as shown in Figure 1.6.  
 It is presently difficult to quantify the exact processes responsible for these observed 
compositional variations of calcite in natural systems. Even though our simulations show the 
closed-system behavior of the REE solubility during calcite-fluid interaction, while natural 
systems are expected to display dynamic open-system behavior, we can still begin to quantify 
some of the REE variations observed in natural calcite. The fluid composition plays an important 
role for the speciation and availability of the REE, in particular pH, salinity, and XCO2 (Figs. 
1.1-1.3). In addition, the solubility of REE minerals plays a significant role for the mobility of 
the REE, though simple REE compounds such as the REE hydroxides are not commonly formed 
in natural systems. One of the reasons for this is the very low solubility of REE minerals such as 
the fluorocarbonates bastnäsite-(Ce) and parisite-(Ce) (Gysi and Williams-Jones, 2015). 
However, some calcite veins are devoid of these minerals, and the solubility of the REE 
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hydroxides is controlled by the retrograde solubility of calcite (Figs. 1.4 & 1.5), which could 
explain the absence of these minerals in natural systems at such conditions.  
 Comparison of the simulated REE concentration using our partitioning model (Model II) 
with data of natural calcite compositions from Bear Lodge and other carbonatite complexes (Fig. 
1.6), indicates that lower temperatures and/or higher salinities will favor fractionation between 
LREE and HREE. In contrast, increasing temperature will tend to yield flatter REE chondrite-
normalized profiles. Despite the simplified approach taken in the present study for simulating the 
partitioning of the REE, the model fits remarkably well with the REE profiles of natural 
hydrothermal calcite from Bear Lodge. Besides temperature and salinity, the fluid/rock ratio 
affects the overall enrichment of REE in calcite for a given initial REE concentration of the 
hydrothermal fluid (i.e., the model had a starting concentration of 100 ppm for each of the REE). 
In these simulations, the initial calcite to fluid ratio was set to 1000 g calcite per kg fluid to 
reproduce absolute REE values within the range observed in natural calcite. Using lower 
calcite/fluid ratios results in a shift towards higher chondrite-normalized profiles, but it does not 
affect the overall REE patterns observed in Figure 1.6. These findings could potentially be used 
in future studies to determine the calcite/fluid ratios in well characterized natural systems. 
Additionally, some variations can be seen between neighboring REE of the simulated chondrite-
normalized calcite compositions, whereas the natural calcite compositions generally display 
smooth chondrite-normalized trends. The exact nature of these variations may be related to either 
the initial REE concentrations in the model or to the solid solution model assumed in this study. 
Determining these differences between the partitioning model and natural systems will require 
additional well-constrained experimental investigations. 
 
  1.7 Conclusions 
To better understand the mechanisms of REE mobilization and mineralization in natural 
hydrothermal ore-forming systems requires a fundamental knowledge of the effects of fluid 
chemistry on metal transport and mineralization processes. To our knowledge, this study is the 
first attempt to model the partitioning of REE between calcite and fluids in hydrothermal ore 
deposits. The simulated REE partitioning model indicates that for a system controlled by calcite-





Figure 1.6: Chondrite-normalized REE profiles of calcite simulated in this study compared to 
natural calcite compositions from the Bear Lodge, WY and Kerimasi, Tanzania carbonatite REE 
deposits. The middle (M)REE- and HREE-enriched profiles are interpreted as hydrothermal 
calcite and the LREE-enriched profiles as magmatic calcite (Olinger, 2012), (Chakhmouradian et 





bicarbonate/carbonate complexes in a high CO2 and low salinity system, and this shifts to the 
chloride complexes in a high CO2 and high salinity system. In addition, the REE are predicted to 
be more soluble at <200 °C, which is related to the retrograde solubility behavior of calcite. In 
more alkaline fluids, REE hydroxyl complex may start to play an important role for the solubility 
and transport of the REE in high temperature fluids.  
The current lack of experimental data for the REE hydroxyl and carbonate/bicarbonate 
complexes at elevated temperature leads to uncertainties in our prediction capabilities of the 
mobility of REE in hydrothermal fluids. Additional experimental work is needed to provide new 
REE partitioning data for calcite-fluid at hydrothermal conditions, which is part of our ongoing 
investigations. Further development of the simulated model may be extended to other types of 
ore deposits where hydrothermal calcite plays an important role to vector fluid-rock reactions 
and ore mineralization, such as Mississippi Valley Type Pb-Zn deposits. 
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HYDROTHERMAL FLUID-CALCITE REE PARTITIONING EXPERIMENTS AT 200°C 
AND SATURATED WATER VAPOR PRESSURE  
Abstract 
Rare earth element (REE) signatures are used in various geologic settings to track 
metasomatic events, such as the development of alteration zones in ore deposits and fenitization 
associated with alkaline and carbonatite complexes. Calcite is a common gangue mineral in 
carbonatite-hosted REE mineral deposits, and records both the magmatic and hydrothermal 
evolution stages of these systems. The REE are compatible within the calcite structure, and their 
partitioning behavior between fluid-calcite may potentially be used as a vector of changing 
physicochemical conditions during mineralization. Here we present a series of hydrothermal 
calcite-fluid REE partitioning batch experiments at 200 °C and saturated water vapor pressure, 
with varying initial REE concentration in the fluid (0.25 ppm, 0.5 ppm, and 1 ppm). Previous 
studies have focused on fluid-calcite REE partitioning at ambient to low temperature (<100 °C). 
We present this exploratory REE fluid-mineral partitioning data to determine the possible 
partitioning mechanisms that control REE incorporation into calcite >100 °C. Our results show 
that the REE are incorporated preferentially into the solid phase upon calcite precipitation with 
the logarithm of the calcite/fluid REE log partition coefficients (logDREE) ranging between 3.3 
and 4.3.  Comparison of our experiments to other studies, indicates that increasing the initial 
concentration of REE of the fluid or decreasing the temperature will lead to a decrease in DREE 
values. These calcite-fluid partitioning data were fit to a parabola according to the lattice strain 
model as a function of the ionic radii of the REE. All the REE except the heavier, smaller REE 
(i.e., Er, Tm, Yb, and Lu) could be fit to a parabola in line with the elastic properties (Young’s 
Modulus) of calcite determined independently in previous studies. Fits improved with increased 
initial REE concentration of the experiments.  This partitioning behavior indicates the lighter and 
larger REE are controlled by strain induced by the substitution for Ca2+, charge mismatch and/or 
coordination re-arrangement in the calcite structure. We also tested a thermodynamic solid 
solution model assuming a coupled substitution of the type OH- + REE3+ = 2 Ca2+ and 
implemented our results in the GEMS code package. The experimental data displays a linear 
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relationship between dissolved REE molalities in the fluid (mREE) and the mole fraction of REE 
incorporated into calcite (XREE) for most of the REE. Deviations of certain REE from this solid 
solution model indicates the need for determining the thermodynamic properties of potential 
other endmembers >100 °C in future experiments. This research is an important first step in 
building up an experimental database of fluid-calcite REE partitioning data at hydrothermal 




The significance of the rare earth elements (REE) in the global economy has increased in 
the past few years due to their varied uses in high-technology and green industries (Hatch, 2012; 
Smith et al., 2016). While the REE commonly occur in trace concentrations in the Earth’s crust 
(McDonough and Sun, 1995), anomalous enrichment resulting in the genesis of REE deposits 
have been ascribed to a complex interplay between magmatic and metasomatic/hydrothermal 
processes (Boily and Williams-Jones, 1994; Broom-Fendley et al., 2016; Estrade, 2014; Gysi et 
al., 2016; Gysi and Williams-Jones, 2013; Kogarko, 1990; Kogarko et al., 2010; Martin and De 
Vito, 2005; Salvi and Williams-Jones, 2006, 1996; Schmitt et al., 2000; Sheard et al., 2012; 
Sørensen et al., 2006; Stevenson et al., 1997). The majority of economic REE deposits are 
typically associated with carbonatite and (per)alkaline igneous systems, such as Bayan Obo in 
China (Smith et al., 2016), Strange Lake and Nechalacho in Canada (Gysi et al., 2016; Möller 
and Williams-Jones, 2016; Salvi and Williams-Jones, 2006; Sheard et al., 2012),  Mountain Pass, 
CA (Castor, 2008), and Bear Lodge, WY in the USA (Moore et al., 2015). Since calcite is a 
common hydrothermal gangue mineral in these and other mineral deposits, REE signatures of 
calcite have been used to fingerprint ore formation and characteristics of the reservoir fluids 
(Chakhmouradian et al., 2016; Debruyne et al., 2016; Moore et al., 2015; Perry and Gysi, 2018).    
The REE3+ are compatible within the calcite crystal structure due to their close ionic size 
in 6-fold coordination with respect to Ca2+ (1.00 Å), where La has an ionic radius of 1.03 Å and 
Lu 0.86 Å (Shannon, 1976). Trace element partitioning between fluids and minerals can be 
complex, and currently there is no consensus on the valid partitioning mechanisms that control 
REE incorporation into calcite. Previous experimental studies focused on REE partitioning 
between aqueous fluids and calcite at low to ambient temperatures, i.e. at conditions which may 
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involve additional controls on partitioning, including nucleation and growth, and other kinetic 
reaction mechanisms (De Yoreo, 2013; De Yoreo et al., 2015; Lakshtanov and Stipp, 2004; 
Morse et al., 2007; Morse and Bender, 1990; Paquette and Reeder, 1995; Reeder, 1996; Teng et 
al., 2000; Wolthers et al., 2012; Zhong and Mucci, 1995). Despite these difficulties, Rimstidt et 
al. (1998) compiled a series of carbonate mineral-fluid trace element partitioning experiments 
and fit the data to an equilibrium partitioning model based on McIntire (1963). A comparison of 
the experimental distribution coefficients with the ionic radii of the REE revealed a systematic 
trend for the partitioning behavior of the REE. Similar observations were recently made in the La 
and Yb calcite-fluid partitioning study by Voigt et al., (2017), where the experimental data were 
fit to a lattice strain model (Blundy and Wood, 1994; Wood and Blundy, 1997). This model was 
also used previously to explain the REE partitioning behavior in fluorite (van Hinsberg et al., 
2010).   
 Another approach consists of fitting of experimental partitioning data to various possible 
solid solution models. Curti et al. (2005) determined experimentally the partitioning of Eu3+ 
between calcite and aqueous fluid under varying pH and pCO2 conditions, and interpreted their 
partitioning data together with other experimental studies (Lakshtanov and Stipp, 2004; Zhong 
and Mucci, 1995) according to the dual thermodynamic model using the GEMS code package 
(Kulik, 2006; Kulik et al., 2013). These results were then compared to available spectroscopic 
data for REE-doped calcite (Elzinga et al., 2002). Two distinct substitution mechanisms were 
capable of explaining the incorporation of Eu3+ into calcite depending on the pH of the 
experiments (Curti et al., 2005). At mildly acidic pH, Eu3+ and H+ were found to substitute for 2 
Ca2+, whereas in alkaline systems Eu and OH- are involved in the substitution. In the study of 
Voigt et al. (2017), the experimental partitioning data for La and Yb were interpreted according 
to an alternative mechanism involving a coupled substitution of Na+ with REE3+ for 2 Ca2+. The 
exact mechanisms controlling the partitioning of REE into hydrothermal calcite, however, 
remain to be determined, since there are currently no experimental partitioning data available 
>100 °C. Only recently a model was developed to simulate REE signatures in hydrothermal 
calcite veins as a function of varying physicochemical conditions (Perry and Gysi, 2018).   
Here, we present new REE fluid-calcite partitioning data obtained from a series of calcite 
precipitation experiments carried out in a batch-type reactor at 200 °C and saturated water vapor 
pressure (psat). The goal of this study is to explore the controlling mechanisms of REE 
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incorporation in hydrothermal calcite. For this purpose, we designed new experiments to 
synthesize REE-doped calcite by fluid mixing at elevated temperature, along with the in situ 
sampling of the aqueous solutions.  The experiments were carried out with varying initial REE 
concentrations, and the partitioning data were fit to the lattice strain model (Blundy and Wood, 
1994; Wood and Blundy, 1997). This exploratory work provides a first step towards quantifying 
and predicting the processes responsible for the varying REE signatures found in hydrothermal 
calcite. 
 
2.2  Methods 
2.2.1 Materials  
Experimental stock solutions of 0.2 mol/kg NaHCO3 and 1.5 mol/kg CaCl2 were prepared 
from Macron Fine Chemicals solids (>99.9 % purity) dissolved in MilliQ water (18 MΩ·cm). 
The compositions of these stock solutions were determined using ion chromatography (IC). An 
experimental stock solution of ~50 ppm REE was prepared using solid REE chloride hydrates by 
Alpha Aesar (>99.9 % purity) dissolved in MilliQ water, and its composition was analyzed using 
solution inductively coupled plasma mass spectrometry (ICP-MS). 
A 200 mmol/kg CO2 stock solution, used to prepare a series of dilute standards for IC 
analysis, was prepared by dissolving solid NaHCO3 (Macron Fine Chemicals, >99.9 % purity) in 
MilliQ water. The CO2 concentration was determined by titration using a microburette and 0.1 M 
HCl (Fisher Scientific, trace metal grade) from pH 8.3 to 3.8, according to the method of 
Arnórsson et al. (2006). The original pH of the solution was adjusted to 8.3 using 0.1 M NaOH 
(Fisher Scientific, trace metal grade). The buffers employed for pH calibration were pH 2, 4, and 
7 standards by Fisher Scientific. The stock solution used to prepare dilute REE standards for 
ICP-MS analysis consisted of a multi-element trace element grade REE standard solution (SCP 
Science). All samples, standards, and blanks prepared for ICP-MS analysis were acidified with 
trace element grade HNO3 (Fisher Scientific). 
 Acid digestions of synthesized calcite were accomplished by adding ~200 mg of solid 
sample to a sample tube with a mixture of ~1 g of MilliQ water and ~3 g of HNO3. Digested 
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samples were then vortexed twice for at least 30 seconds and then filtered through an 0.2 µm 
acetate membrane syringe filter before being diluted for ICP-MS analysis. 
 
2.2.2 Hydrothermal calcite precipitation experiments  
Calcite precipitation experiments were carried out by fluid mixing in a stirred Parr 5500 
Series reactor at 200 °C and psat. The experimental design is shown in Figure 2.1. All wetted 
parts of the reactor are made of titanium grade 2 metal. An in situ sampling and an external 
mixing lines were designed with all parts outside the reactor made of PEEK, including tubing 
and valves. The sampling line in the reactor consists of a dip tube with an attached titanium frit 
to avoid particles and back reaction of calcite upon sampling. A typical experiment consisted of 
loading the reactor with 350 g of a NaHCO3 solution and 2 to 8 g of the REE stock solution of 
known starting concentration, sealing off the assembly, and then turning on the stirrer and heater 
systems. Once the assembly was stabilized at 200 °C within few hours, 5 g of a CaCl2-bearing 
aqueous solution was pumped into the reactor with a rate of 0.4 ml/min through the bottom dip 
tube using a high pressure liquid chromatography (HPLC) pump (Parr Series I). The line was 
then flushed with MilliQ water. The mixing reaction led to the precipitation of calcite within the 
reactor, while the system was being constantly stirred and periodically sampled to verify 
approach to equilibrium between the aqueous fluid and the calcite crystals.  
The starting solution compositions, experimental conditions, and duration for each 
experiment are reported in Table 2.1. A set of three REE-bearing calcite synthesis experiments 
(Exp. A-C) were conducted, where the initial REE concentrations in the fluids were set to 0.25 
ppm, 0.5 ppm, and 1 ppm REE. The experimental solutions and precipitated calcite crystals were 
equilibrated for up to 9 days. Six 3-5 ml samples were collected at various time intervals (kinetic 
experiments) using polypropylene syringes and 0.2 µm membrane polypropylene filters 
connected to a sampling valve.  The sampled solutions were allowed to cool and then diluted 
shortly after sampling with ~10 g of MilliQ water. Samples were further diluted for analysis 
using IC for determining total CO2, Na and Ca concentrations; the REE concentrations were 
determined using 2 % HNO3 acidified samples using solution ICP-MS. The measured 





Figure 2.1. a) Experimental setup of the hydrothermal calcite precipitation experiments showing 
the sampling line and a CaCl2 injection line with an HPLC pump to introduce the solution in the 
stirred Parr reactor. b) Reactor inset view depicting the precipitation of calcite resulting from 




The reactor was quenched shortly after the last sample was taken to retrieve the 
synthesized calcite crystals by placing it into a cold water bath and cooled in less than 30 min. 
The remaining aqueous solution was pumped through a vacuum filtration system to collect the 
calcite crystals that were washed and subsequently dried in an oven. These crystals were further 
studied using scanning electron microscopy (SEM) and samples were acid digested as described 
above for ICP-MS analysis. The REE compositions of the acid digested calcite crystals are listed 
in Table 2.3. 
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2.2.3 Analytical methods 
Gold-coated calcite powders were mounted on graphite tape on metal sample holders for 
analysis using a MIRA3 TESCAN field emission (FE) SEM in the electron beam laboratory in 
the Department of Geology and Geological Engineering at the Colorado School of Mines. A 
beam current of 15 kV and a working distance of 10 mm was utilized for back-scattered electron 
imaging.  
 Major elements of the experimental solutions were analyzed using a Dionex IC-2100 and 
IC-1100 systems for total cation (Ca2+, Na+) and anion (HCO3
-) concentrations, respectively. 
Chloride concentrations and pH were calculated (see further below). The eluent for cation 
analysis was 20 mM methanesulfonic acid, with a suppressor current of 12 mA and a pump rate 
of 0.25 ml/min. The eluent for anion analysis was 12 mM KOH using an automatic eluent 
generator system, with a suppressor current of 8 mA and a pump rate of 0.25 ml/min.  Based on 
duplicate standard analyses, the analytical precision (1σ) was better than 1 % for Ca, Na, and 
CO2.  
 The concentrations of each REE were analyzed using a NexION 300X quadrupole 
solution ICP-MS by Perkin Elmer in the Department of Chemistry at the Colorado School of 
Mines. An in-line indium spike of 10 ppb was added to determine drift corrections, which was 
followed by blank subtraction. The sample, standard and blank matrix was 2% HNO3. A mixed 
REE standard and single REE standards (SCP Science) were used for calibration, and the single 
standards for oxide formation correction (Gysi et al., 2018, 2015). The analytical precision of 
triplicate runs was better than 3 %; the errors ranged from 0.4 % (Er) to 2.5 % (Yb), with an 
average error of 1.6 %.  The limit of detection was determined from 3σ of the blank and was <1 
ppt for the REE. 
 
2.2.4 Speciation calculations, activity models, and equations of state 
Speciation calculations were carried out in the experimental system with the components 
Ca-Na-REE-C-O-H-Cl using the GEMS code package (http://gems.web.psi.ch; Kulik et al., 
2013).  The thermodynamic properties of aqueous species were taken from the MINES 
thermodynamic database (http://tdb.mines.edu; Gysi, 2017). This database is currently  
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Table 2.1. Experimental conditions and starting composition of the aqueous solutions before 
calcite precipitation. Calcium, Na and total dissolved CO2 were measured by IC (data in mol/kg) 













Experimental conditions   
T (°C) 200 200 200 
P (bar) 15.54 15.54 15.54 
Duration (days) 8 9 8 
   
Starting compositions   
Ca (mol/kg) 0.036 0.036 0.036 
CO2  0.029 0.028 0.028 
Na 0.029 0.028 0.028 
La (ppm) 0.20 0.38 0.75 
Ce 0.20 0.39 0.76 
Pr 0.21 0.40 0.79 
Nd  0.22 0.42 0.83 
Sm 0.22 0.42 0.84 
Eu 0.24 0.46 0.90 
Gd 0.25 0.47 0.92 
Tb 0.26 0.49 0.97 
Dy 0.25 0.47 0.94 
Ho 0.27 0.52 1.03 
Er 0.25 0.46 0.92 
Tm 0.25 0.52 1.02 
Yb 0.27 0.52 1.03 
Lu 0.26 0.50 0.98 
Y 0.18 0.34 0.67 
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Table 2.2. Composition of quenched experimental solutions as a function of reaction time for Exp. A (0.25 ppm initial REE), Exp. B 
(0.5 ppm initial REE) and Exp. C (1 ppm initial REE). Calcium, Na, and total dissolved CO2 concentrations were measured by IC; 


















Table 2.3. Rare earth element composition of acid-digested calcite after quenching the 
experiments. The REE concentrations (in ppm) were measured by solution ICP-MS. Reaction 




(0.25 ppm REE) 
Exp. B 
(0.5 ppm REE) 
Exp. C 
(1 ppm REE) 
La (ppm) 51 120 404 
Ce 49 112 397 
Pr 42 108 391 
Nd 37 104 391 
Sm 31 94 362 
Eu 31 93 363 
Gd 31 92 359 
Tb 35 88 340 
Dy 27 80 326 
Ho 32 83 332 
Er 23 69 285 
Tm 22 70 296 
Yb 22 71 302 
Lu 26 69 280 
Y 16 48 171 
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implemented in GEMS and consists of aqueous species from the Supcrt92 dataset (slop98.dat; 
Johnson et al., 1992) updated with more recent experimental data for aqueous species and gases. 
A list of the species considered and the source of the data are given in the Appendix A. The 
aqueous species data for the REE were taken from Haas et al. (1995) and updated with the 
experimental data for REE chloride complexes of Migdisov et al. (2009). 
The extended Debye-Hückel equation (Robinson and Stokes, 1968) was used to calculate 
activity coefficients of charged and neutral aqueous species using NaCl as background 
electrolyte (Helgeson et al., 1981; Wagner et al., 2012). The thermodynamic properties of 
aqueous species were corrected for pressure and temperature using the revised Helgeson-
Kirkam-Flowers (HKF) equation of state (Helgeson et al., 1981; Shock et al., 1992; Shock and 
Helgeson, 1988; Tanger and Helgeson, 1988). The equation of state used for gases was the Peng-
Robinson-Stryjek-Vera (PRSV) with critical parameters taken from Frenkel (1994), Proust and 
Vera ( 1989), and Stryjek and Vera (1986). The activity model and equations of state are 
implemented in GEMS using the TSolMod library (Wagner et al., 2012). 
 
2.2.5 pH calculation and parameter optimization 
The pH and Cl concentrations of the experimental solutions were determined using the 
parameter optimization program GEMSFITS (Miron et al., 2015). This programs allows  
calculating  equilibrium speciation for a given bulk input composition using the GEMS code 
package (Kulik et al., 2013). The pH and Cl concentrations were calculated simultaneously in 
GEMSFITS at 200 °C and psat. The method used was an inverse titration and assuming saturation 
with calcite. At each step HCl was added/removed until the residual standard deviations between 
calculated and measured Na, Ca and CO2 concentrations were minimized during the 
optimization. In most cases, the calculated Ca and CO2 concentrations reproduced accurately the 
experimental Ca and CO2 concentrations, indicating approach to equilibrium between the 
aqueous solution and the precipitated calcite crystals. 
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2.3  Experimental results 
2.3.1 REE-bearing calcite synthesized at 200 °C 
Synthetic calcite powders recovered from each experiment were imaged using a FE-
SEM. Representative synthetic solid with well-formed rhombohedral crystals are shown in 
Figure 2.2. The size fraction of the synthesized crystals ranges between ~5 to 10 µm. The REE 
concentrations measured in acid digested calcite range between ~20 and 400 ppb and 
concomitantly increase with higher initial REE concentrations of the experiments (Table 2.3).  
 Comparison of the mole fraction of REE precipitated in calcite (XREE) as a function of the 
ionic radii of the REE3+ in 6-fold coordination (Fig. 2.2c) indicates that the light (L)REE are 
systematically more compatible in calcite than the heavy (H)REE, due to their closer ionic size to 
Ca2+. Further, the initial REE concentration of the experimental solutions was observed to 
influence the total XREE in calcite, where experiments with higher initial REE concentrations 
displayed an overall higher XREE in calcite. The measured calcite compositions also indicate that 
La, Ce, Pr, and Nd have the highest compatibility in calcite at all experimental conditions, 
followed by Gd, Eu, and Sm. Lutetium, Yb, Er, and Tm exhibited the lowest XREE values 
consistent with their higher ionic size mismatch with respect to Ca2+.  
 
2.3.2 Aqueous solution compositions 
Measured major element compositions and calculated pH of the sampled experimental 
solutions are listed in Table 2.2; kinetic runs are shown in Figure 2.3. Mixing of the aqueous 
CaCl2 and NaHCO3 solutions in the reactor led to instantaneous precipitation of calcite, which 
was reflected by a rapid decrease in Ca and total dissolved CO2 concentrations over the first 3 
days. The concentrations of these elements then leveled off and reached concentrations of 0.0041 
– 0.0113 mol/kg for Ca and 0.0026 – 0.0035 mol/kg for CO2. This behavior suggests that the 
aqueous solution reached steady state concentrations and approached equilibrium with the 
precipitated calcite crystals. The calculated pH values increased slightly with reaction time 
during calcite precipitation with values ranging between pH of ~5.7 and 6.2 (Fig. 2.3).  
Representative trends of measured dissolved REE concentrations are shown in Figure 2.4 
and data are listed in Table 2.2. Dissolved REE concentrations decreased rapidly upon calcite 
precipitation reaching steady state values between ~0.1 and 1 ppb in Exp. A (0.25 ppm initial 
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REE) and Exp. B (0.5 ppm initial REE). Both experiments displayed similar constant dissolved 
REE concentrations with no apparent distinguishable trends in dissolved REE concentrations. In 
contrast, Exp. C, with 1 ppm initial REE concentrations, showed higher dissolved REE values 
reaching ~10 to 20 ppb. Further, the time to reach steady state in Exp. C was >3 days, whereas 
Exp. A and B reached a steady state with the first 2 days of equilibration. The overall rapid 
decrease in dissolved REE concentrations indicates that significant amounts of REE precipitated 
into calcite, and the near constant REE concentrations over time, suggest approach to 
equilibrium partitioning with calcite.  
 
2.3.3 Mineral-fluid REE partitioning trends 
Comparison of measured REE molalities in aqueous solution vs. the mole fraction REE 
in the precipitated calcite in all three experiments indicates almost linear trends for each of the 
REE (Fig. 2.5). Similar trends were observed in the experiments of Zhong and Mucci (1993) and 
Lakshtanov and Stipp (2004) for the partitioning of Eu between calcite and aqueous fluids at 
room temperature. Comparison of our Eu partitioning data at 200 °C with the data of Lakshtanov 
and Stipp (2004) indicates overall higher dissolved REE concentrations in the fluid in 
equilibrium with calcite and a steeper mREE vs. XREE trend. Comparison of the behavior of all the 
REE in our three experiments, reveals that experiments with lower initial REE concentrations 
(Exp. A and B) show a preferential enrichment of Y, Ce, Nd and Eu in the fluid. In comparison, 
Exp. C with higher initial REE concentrations was enriched in Y, La, and Ce. Elements depleted 
in the fluid were Er, Tm, Yb, and Lu for Exp. A and B, while Lu, Yb, and Sm displayed the 
lowest concentrations in Exp. C. The REE most compatible within the calcite structure (i.e., La, 
Ce, Pr, and Nd) display the highest XREE owing to their similar ionic size to Ca
2+ (see further 
below). Certain REE with odd atomic numbers (i.e., La, Pr, Tb, Tm) appear to cluster at lower 
mREE and higher XREE in Exp. A than the REE with even atomic numbers (i.e., Ce, Nd, Sm, Gd, 
Dy, Er, Yb), whereas Y displays high mREE in all three experiments.  
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2.4  Experimental Fits 
2.4.1 Partition coefficients and lattice strain theory 
The REE partition coefficient (DREE) describes the concentration ratio of each REE 




                                     (2.1) 
The lattice strain model is a semi-empirical partitioning model, based on the Brice Equation 
(Brice, 1975), and was further adapted to describe the partitioning of REE between mineral-melt 
(Blundy and Wood, 1994; Bernard J. Wood and Blundy, 1997), and later to describe the 
partitioning behavior of REE between minerals and aqueous fluids (Rimstidt et al., 1998; van 
Hinsberg et al., 2010; Voigt et al., 2017). This models relates experimentally derive partition 
coefficients with strain which occurs in a crystal structure because of the ion size and charge 
mismatch between the REE3+ and Ca2+, and can be described by (Wood and Blundy, 1997),!!
"REE = "0 ⋅ exp (−423456 (70/2) (78 – 70)
2 + 1/3(78− 70)
3)/9:)                     (2.2)!
where D0 corresponds to the “strain-free” partition coefficient of a fictive 3+ charged ion with 
ideal ion size r0; ri corresponds to the ion size of the substituting REE
3+; Es is Young’s Modulus; 
R is the ideal gas constant; T is temperature in K; NA is Avogradro’s constant. A plot of logDREE 
vs. the REE ionic radii in 6-fold coordination (i.e., Ca coordination in calcite), allows the 
derivation of these parameters (Table 2.5, Fig. 2.7). The height of the curve at the peak of the 
parabola corresponds to D0 for an ideal ion with radius r0; the width of the parabola indicates an 
increase/decrease of the site elasticity and allows the derivation of Es. A narrower curve indicates 
that the trace elements are less compatible in the crystal structure, while a broader curve 
indicates more compatibility.  
 
2.4.2 Experimental REE partition coefficients 
We determined experimentally the calcite-fluid REE partition coefficients according to 
Equation 2.1 using the measured final REE concentrations in the equilibrated aqueous fluid and 
synthetic calcite crystals (Tables 2.2 and 2.3). Figure 2.6 shows the fits through the experimental 
data using Equation 2.2 and the logarithm of the partition coefficient (logDREE) vs. ionic radius 





Figure 2.2. a-b) Scanning electron photomicrographs of calcite rhombohedra precipitated at 200 
°C. c) Measured REE concentrations of calcite recovered at the end of each experiments as a 




The overall logDREE values for most of the REE can be fit to a parabola through the data, 
with the peak of the curve located at ideal ionic radii (r0) ranging between 0.95 and 1.0 Å (i.e., 
close to the ionic radius of Ca2+ at 1.0 Å). The logDREE data that deviate from the fits are shown 
in grey and indicate that Exp. C, with the highest initial REE concentrations, displays the best fit 
according to Equation 2.2. The HREE (i.e., Lu, Yb, Tm, Er) commonly display nearly constant 
logDREE values in all experiments and deviate from the lattice strain model, possibly due to the 
ion size mismatch with Ca2+ by >0.1 Å. Further, Y was observed to have consistently lower 
logDREE values than the other HREE, but inclusion in the fits improved calculated R
2 (Table 2.5).  
Two different lattice strain fits were tested through the experimental data as shown in 
Figure 2.6. Fit 1 (colored fits) corresponds to a constrained fit, where Es was fixed to 80 GPa 
according to measured high temperature calcite Young’s Modulus in the study of Chen et al. 
(2001). Fit 2 (grey fits) corresponds to an unconstrained fit, where Es was calculated from the 
experimental partitioning data. Results from fit 1 indicate relatively good agreement with the 
experimental data. Exp. A with the lowest initial REE concentrations displayed calculated r0 
values close to Ca2+ (1.0 Å), whereas Exp. B and C displayed increased deviations towards 
calculated r0 values close to 0.95 Å. Results from fit 2 indicate that Exp. A resulted in minimal 
strain with calculated Es values of 73.2 GPa, close the measured one for pure calcite of 80 GPa 
(Chen et al., 2001). In contrast, Exp. B and C with higher initial REE displayed the largest 
deviations with calculated Es values of 58.2 GPa and 44.0 GPa, respectively (Table 2.5). 
 
2.4.3 Thermodynamic solid solution model 
Due to their trivalent charge, several different mechanisms have been proposed to explain 
the substitution of the REE3+ for Ca2+. The incorporation of REE3+ in the Ca2+ site may 
necessitate a charge compensation and or a vacancy, which can be achieved according to several 
mechanisms (Curti et al., 2005; Perry and Gysi, 2018). In this study, we tested an ideal solid 
solution model between CaCO3 and REE(OH)3(s) endmembers to calculate the partitioning of 
REE between fluid and calcite at the experimental conditions. The following substitution 
mechanism was assumed in calcite: 
REE3+ + 3 OH- = Ca2+ + CO3






Figure 2.3. Measured dissolved Ca and CO2 concentrations of the experimental solutions using 
IC and calculated pH as a function of time. Experimental data are listed in Table 2.2. Error bars 















































Figure 2.4. Representative REE concentrations (in ppb) of the experimental solutions measured 
using ICP-MS as a function of time (days). Data are listed in Table 2.2. Error bars correspond to 
the analytical precision based on duplicate measurements (2!).  
  
















































Figure 2.5. Comparison of measured total dissolved REE concentrations of the experimental 
solutions with mole fraction REE in calcite. Also shown are two other ambient temperature 
calcite-fluid partitioning datasets of Zhong and Mucci (1993), and Lakshtanov and Stipp (2004), 
for Eu at fixed pH values of 8 and 6, respectively. The former ranged in mEu from 0.003-0.011 































































Exp. A (0.25 ppm REE)
Exp. B (0.5 ppm REE)
Exp. C (1 ppm REE)
Zhong and Mucci, 1993









Figure 2.6. Fits through the experimental data using Equation 2.2 and the logarithm of the 
partition coefficient (logDREE) vs. ionic radius for each of the REE as a function of initial REE 
concentration. Solid colored lines are constrained fits using a Young’s modulus of 80 GPa (fit 1) 
and grey lines are unconstrained fits (fit 2). LogDREE values for this study are listed in Table 2.4. 
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Table 2.4. Calculated REE partition coefficients (logDREE) from the experimental data of this study and comparison to ambient 





Table 2.5. Results from the lattice strain fits (Eqn. 2) showing the fitted ideal partition coefficient 
(D0), ionic radius (r0), and Young’s modulus (Es). In constrained fit 1, Es was fixed to 80.0 GPa 
and in unconstrained fit 2 Es was calculated. 
 
 
Exp. A (0.25 ppm 
REE) 
Exp. B (0.5 ppm 
REE) 
Exp. C (1 ppm 
REE) 
Constrained fit 1   
D0 4.319 4.230 3.639 
r0 (Å) 1.002 0.959 0.962 
R2 0.840 0.744 0.723 
Es (GPa) 80.0 80.0 80.0 
# outliers 9 8 4 
Unconstrained fit 2   
D0 4.321 4.175 3.582 
r0 (Å) 0.993 0.959 0.955 
R2 0.957 0.975 0.910 
Es (GPa) 73.2 58.2 44.0 






This model was chosen due to the availability of heat capacity data for the REE(OH)3(s) 
(Navrotsky et al., 2015) permitting us to calculate their Gibbs energies at the temperature 
condition of the experiments. Further, this model was recently used in a REE partitioning 
modeling study by Perry and Gysi (2018). Other endmembers such as REE2(CO3)3 and 
REEOHCO3 (Curti et al., 2005) could not be included in the model at this stage due to the lack 
of heat capacity data for these solids (Navrotsky et al., 2015).  
The calculated partitioning of REE between the aqueous solution and calcite is shown in 
Figure 2.7 using the ideal solid solution model in comparison to our experimental data. The 
predicted XEu vs. mEu values from the solid solution model display a similar slope but higher 
dissolved Eu concentrations in comparison to our experimental values (Fig. 2.7a). Further 
comparison of our experimental data with  25 °C partitioning experiments for Eu at pH values of 
~6 to 13 (Curti et al., 2005; Lakshtanov and Stipp, 2004; Zhong and Mucci, 1993), indicates that 
our 200 °C partitioning data are shifted to higher dissolved Eu concentrations but display similar 
slopes than the lower temperature precipitation experiments. 
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The predictions for the partitioning of LREE including La, Ce, Pr, Nd, and Sm using a 
similar solid solution model is shown in Figure 2.7b. The experimental XREE vs. mREE partitioning 
data display deviations from the linear trends observed in the solid solution model. The predicted 
value for Nd and Ce plot well below the experimental data, whereas predicted La, Sm and Pr 
values plot closer to our measured data when approaching conditions with lower initial REE 
concentrations. At these conditions, our experimental data for Exp. A and B approach a linear 
behavior with slopes approaching the predicted curves of the solid solution model, whereas at 
higher initial REE concentrations, the experimental data display a drastic increase in dissolved 
REE concentrations with mREE following La >Ce >Pr >Nd >Sm.  
 
2.5  REE partitioning mechanisms 
2.5.1 Controls on REE partitioning 
Our experimental REE partitioning data were fit to the lattice strain model (Blundy and 
Wood, 1994; Wood and Blundy, 1997) (Fig. 2.6) and an ideal solid solution model assuming 
REE hydroxide endmembers to control partitioning (Fig. 2.7). Experiments with the highest 
initial REE concentrations (Fig. 2.6c; Exp. C) display the best fit to the lattice strain model, 
whereas the two other experiments with lower initial REE concentrations (Fig. 2.6a-b; Exp. A 
and B) display poorer fits to this model. Higher initial REE concentration yields increased 
incorporation of REE in calcite, which, in turn, results in low logDREE values. A possible 
explanation for this behavior is that this increase in XREE results in strain controlled by the 
structure of the solid phase that will dominate fluid-mineral REE partitioning. In contrast, 
experiments with lower initial REE concentrations may be partly controlled by the composition 
of the aqueous fluid (i.e., complexion of the REE) but appear to be better predicted by the solid 
solution model rather than the lattice strain model, which appears to work best at higher initial 
REE concentrations (Figs. 2.6 and 2.7). 
 Some deviation is seen between our experimental data and the thermodynamic solid 
solution model presented in Figure 2.7, though the exact cause of this deviation is uncertain. The 
solid solution model is controlled by the solubility of the REE(OH)3(s) and the thermodynamic 
properties of the aqueous species. At pH values of ~6, the REE hydroxyl complexes are 
predicted to predominate in our experimental solutions (Perry and Gysi, 2018).  The 
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thermodynamic properties of these aqueous species consist of theoretical extrapolations using the 
HKF model (Haas et al., 1995), and only few experimental data are available at elevated 
temperature to verify these predictions (Migdisov et al., 2016). Despite these difficulties, the 
linear curves calculated using the solid solution model approach our experimental trends for 
certain LREE (i.e., La, Pr, Sm) at low initial REE concentrations. approximate that of the model 
(Fig. 7b). This indicates that the substitution mechanism for Ca2+ and REE3+ in the calcite 
structure may involve a coupled substitution according to Equation 2.3. These findings are 
somewhat similar to the study of Curti et al. (2005), where comparison of various partitioning 
data for Eu3+ at pH values of 6 to 13 with spectroscopic data of Eu-doped calcite (Elzinga et al., 
2002), was interpreted to involve REE3+ with O2-, and OH-. In contrast, Voigt et al. (2017) 
determined in their low temperature partitioning experiments, that La and Yb substitutions may 
be controlled by at near to neutral pH, by a coupled substitution involving Na+ and REE3+ for  2 
Ca2+. This substitution mechanism permitted the fitting of their data to the lattice strain model, 
whereas in our study the experimental data were fit to this model without the need to invoke 
coupled substitutions with Na+. To further determine whether such a solid solution model is 
adequate will require the availability of thermodynamic properties of additional solid REE 
endmembers at elevated temperature and detailed spectroscopic studies to determine REE 
coordination in calcite (Elzinga et al., 2002). This would allow testing additional solid solution 
models with different endmembers including: i) Eu2(CO3)3 – Ca3(CO3)3, ii) NaEu(CO3)2 – 
Ca2(CO3)2, and iii) EuOHCO3 – CaCO3.  
 
2.5.2 Comparison to previous partitioning studies 
Previous fluid-calcite REE partitioning experiments were conducted at room temperature 
focusing on investigating kinetic vs. equilibrium controls on trace element partitioning (Curti et 
al., 2005; Rimstidt et al., 1998; Voigt et al., 2017; Zhong and Mucci, 1995, 1993). Rimstidt et al. 
(1998) compiled a series of carbonate mineral-fluid trace element partitioning experiments at 
<100 °C and tried to develop an equilibrium partitioning model based on McIntire (1963). One 
of the difficulties of measuring partitioning at such low temperature is that the partitioning of 
REE between aqueous fluid and calcite may also be affected by mineral nucleation and growth 
kinetics (Paquette and Reeder, 1995; Reeder, 1996; Wang and Merino, 1992). Further, mineral 
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saturation, pH, ionic strength and temperature were found to affect changes in growth rates of 






Figure 2.7. Comparison of an ideal solid solution model (solid, colored lines) using CaCO3 – 
REE(OH)3(s) endmembers with our experimental data (dashed colored lines and symbols). a) 
Partitition of Eu between calcite and fluid at 200 °C and comparison with partitioning data 
measured at ambient temperature. (1): Zhong and Mucci (1993), pH =8, mEu = 0.003-0.011 
ppm; (2) Lakshtanov and Stipp (2004), pH= 6, mEu= 0.12-2.29 ppm; (3) Curti et al. (2005), pH 
=13, mEu from 2.46x10

























































(1) pH=8, 25 °C 
(2) pH=6, 25 °C 





















 Rimstidt et al. (1998) made an interesting observation, which could not be explained by 
reactions kinetics. A plot of the experimental distribution coefficients for the partitioning of REE 
between calcite and aqueous fluids vs. the REE ionic radii revealed a systematic trend, which 
was similarly observed in the study of Zhong and Mucci (1995). However, these studies were 
performed at temperatures below <100 °C. A comparison of our experimentally determined 
logDREE to comparable studies is presented in Table 2.4. A key observation in this study indicates 
that higher initial REE concentrations, such as in Exp. C will generate a more concave logDREE 
vs. ionic radii parabola, while Exp. A and B, which exhibit an undulating pattern due to lower 
initial REE concentrations in the experiments, which yields trends deviating from the lattice 
strain fit. Increased initial REE leads to higher XREE and also appears to systematically lower 
logDREE values due to the elevated amounts of REE in the fluid, yielding enough REE 
availability to strain the crystal structure of calcite. A comparison of this study with the data 
from Lakshtanov and Stipp (2004), which have nearly the same initial REE and pH but differing 
temperatures, shows that an increase in temperature will decrease the logDREE values and 
therefore favor the fluid over the mineral, indicating increased mREE. Seawater vs. pore water 
logDREE data presented by Voigt et al. (2017) show that an increase in salinity might also raise 
logDREE. Based on the data presented in Figures 2.6 and 2.7, high initial REE concentrations (1 
ppm) can be described using the lattice strain model (Exp. C; Fig. 2.6c) and is controlled by 
strain in the calcite crystal structure. Lower concentrations of initial REE are more adequately 
described by our solid solution model (Fig. 2.7). 
 
2.5.3 Implications for REE partitioning in natural systems  
 Chakhmouradian et al. (2016) compiled a vast dataset of REE in calcite from carbonatites 
and detailed how REE signatures differed from magmatic (LREE enriched patterns) to 
hydrothermal (HREE enriched patterns). In natural systems, there are many processes which can 
affect REE partitioning between the fluid and mineral phase and lead to fractionation of the 
LREE and HREE (Chakhmouradian et al., 2016; Debruyne et al., 2016; Migdisov et al., 2016; 
Perry and Gysi, 2018) including: 1) fluid sources (e.g. magmatic, meteoric, connate, etc.), 2) 
conditions of metasomatism, such as temperature, pressure and interaction with various rock 
types, 3) the mixing of fluids of varying pH and/or composition, 4) saturation of the fluid with 
low solubility REE-bearing phases such as the REE phosphates and REE fluorocarbonates (Gysi 
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et al., 2018, 2015; Harlov et al., 2011; Smith et al., 1999),  and 5) the availability of ligands for 
complexation and transport of the REE  (Bau and Möller, 1992; Debruyne et al., 2016; Migdisov 
et al., 2016; Perry and Gysi, 2018).  However, interpreting REE pattern evolution in natural 
systems is difficult due to system complexity. We must first understand and quantify the 
underlying processes responsible for REE fractionation, which will involve more experimental 
data gathered at hydrothermal conditions. 
 Rare earth element signatures of natural calcite have been determined for example in 
carbonatite and (per)alkaline systems, where magmatic and hydrothermal signatures could be 
distinguished. Typical REE signatures of magmatic calcite compiled for a series of different 
carbonatite (Chakhmouradian et al., 2016) indicate a general steep chondrite normalized profiles 
enriched in LREE over the HREE. In REE mineral deposits with a strong metasomatic overprint, 
such as in Bear Lodge (Chakhmouradian et al., 2016; Moore et al., 2015), found that REE 
profiles in calcite are modified, with an enrichment in the middle (M)REE and HREE in 
comparison to the magmatic calcite observed in carbonatite. A recent numerical modeling study 
by Perry and Gysi (2018) quantified possible processes responsible for the partitioning of REE 
during the formation of hydrothermal calcite veins. This study showed that calcite saturation, 
salinity, CO2 concentrations, pH, and temperature have a considerable effect on the speciation of 
REE in the aqueous fluid, as well as on the fractionation of the LREE vs. HREE in the calcite. 
Although this model was purely theoretical, and used a solid solution model similar to Equation 
2.3 in our study, the results showed that at low temperature and high salinity (100-250 °C; 20 
wt%) the HREE are preferentially incorporated into calcite while the LREE were more 
compatible in calcite at elevated temperature (>350 °C). Further, increased salinity of the 
aqueous fluid led to increased fractionation in their study, accentuated further with decreasing 
temperature. 
Our new experimental data show that the lattice strain theory can be used to interpret the 
partitioning of REE between fluid-calcite at hydrothermal conditions (Fig. 2.6) at high initial 
REE concentrations, on the order of 1 ppm. This model is applicable to all REE, except some 
HREE, Ho-Lu. Our numerical solid solution models (Fig. 2.7) show that for most investigated 
REE, the numerical model slightly underpredicts the mREE, with the exceptions of mEu and mSm, 
which are overestimated. Still there is good agreement between the experimental and numerical 
models for La, Pr, and Sm at low initial REE (0.25 and 0.5 ppm) concentration, meaning our 
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numerical model is more applicable to lower initial REE concentrations. These two models can 
be used to interpret natural systems with similar properties. 
Lastly, from our experimental partitioning data, a predictive model based on the lattice 
strain equation for REE partitioning was derived using the fit parameters described in Table 2.5 
for Exp. C (fit 1). Using our new experimental REE partitioning data (Table 2.5), a new lattice 
strain fit for predicting REE3+ partition coefficients (!REE) in a crustal fluid in equilibrium with 
calcite at 200 °C can be determined according to: 
!REE = 3.639⋅exp (−4#(80 GPa) $% (0.962 Å/2) (&' – 0.962 Å)
2 + 
1/3(&'− 0.962 Å)
3)/())                                  (2.4) 
Using Equation 2.4, it is possible now to calculate the REE composition of a fluid based on the 
analysis of REE compositions of natural calcite. Using this equation, it is also possible to take 
data from fluid inclusion studies, regarding mREE, to calculate REE compositions of calcite. An 
example of this is shown in Table 2.6, where fluid inclusion data from the Kalkfield carbonatite 
complex in Namibia (Bühn and Rankin, 1999) is used in conjunction with Equation 2.4 to 
estimate the XREE in calcite in equilibrium in the fluid. The model still has limitations, including 
only being valid at 200 °C and likely only for systems with comparable fluid composition to our 
study. Future improvement can be made with additional partitioning experiments as a function of 
temperature and varying fluid compositions to test the effects of varying REE activities in the 
aqueous fluid on the partitioning between fluid and calcite. 
 
2.6  Conclusions 
 In this exploratory work we present for the first time REE partitioning data for calcite at 
200 °C and psat, with varying initial REE concentration. The experiment show that the REE are 
compatible in calcite precipitating from hydrothermal aqueous solutions, with a preference for 
the LREE. Comparison of our experiments to other studies, indicates that increasing the initial 
concentration of REE of the fluid or decreasing the temperature will lead to a decrease in 
logDREE values. The overall REE partitioning behavior was found to follow the lattice strain 
model at elevated REE concentrations (i.e. in the ppm range), where strain is controlled by the 
size of the substituting REE3+ in the Ca-site of calcite. The lattice strain fits are consistent with 
the elastic properties (i.e. bulk modulus) determined for calcite. In contrast, in systems with 
lower REE concentrations in the fluid (i.e., ppb range), the partitioning of certain REE can be 
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predicted by a solid solution model involving a substitution of REE3+ and OH- for Ca2+.  Even 
though the predictive model presented in this study is limited to the experimental conditions, 
these promising results indicate the need for additional fluid-mineral REE partitioning data to 
improve our capabilities to interpret the trace element signatures of hydrothermal minerals in 
natural systems. 
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REE SIGNATURES OF HYDROTHERMAL CALCITE IN THE LEMITAR AND CABALLO 
MOUNTAINS, NEW MEXICO: A COMPARISON BETWEEN CARBONATITE AND 
ALKALINE SYSTEMS 
Abstract 
Rare earth elements (REE) signatures of hydrothermal calcite may potentially record the 
underlying processes of the magmatic-hydrothermal evolutionary stages in alkaline and 
carbonatite systems. New Mexico is host to many potential alkaline- and carbonatite-hosted REE 
deposits where we can study magmatic vs. hydrothermal REE signatures of calcite, including the 
Lemitar Mountains carbonatite and the Caballo Mountains episyenite-carbonatite. Here we 
present automated mineralogy, CL, and LA-ICP-MS analyses of hydrothermal calcite from 
different metasomatic evolutionary stages of the Lemitar and Caballo Mountains. Within these 
systems, similar alteration and veining styles were observed, and we interpret the accompanying 
calcite mineralization to reflect changes from one event to another. Calcite from the Lemitar 
Mountains occurs in hydrothermal veins that crosscut metasomatized carbonatite dikes. Four 
different calcite generations were identified, all with distinct LREE enrichment and variable 
HREE depletion. The oldest calcite generation shows the highest REE concentration and 
correlates with the chloritization/silicic alteration stage. The transition to the carbonatization 
stage in the Lemitar calcite is marked by steeper LREE/HREE profiles with decreased REE 
concentration. In the Lemitar calcites, late stage veins of calcite are mostly devoid of REE 
mineralization.  Calcite from the Caballo Mountains was found at an episyenite-carbonatite 
contact as veins crosscutting both units. In contrast to Lemitar REE profiles, hydrothermal 
calcite veins of the Caballo Mountains all show enrichment in HREE over the LREE, with 
pronounced negative Eu anomalies and variable negative/positive Ce anomalies. The highest 
REE concentrations in calcite occur within the C2 generation, whose precipitation marks a 
transition from the chloritization/silicic alteration to carbonatization stage. A similar fluid history 
is observed between both the Lemitar and Caballo Mountains, as deduced from geochemistry, 
calcite textures, and CL investigations even though the zoning, textures, and chondrite-
normalized REE patterns are quite different. Two main fluids are proposed to account for the 
observed alteration and mineralization based on these new data: 1) a low pH, oxidizing, + 
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enriched in Fe, REE, and P, associated with the chloritization, silicic alteration, and REE 
mineralization for both locations and 2) a near neutral to alkaline in pH, + enrichments in CO2, 
Ca, and sometimes F, corresponding to the onset of carbonatization and calcite veining stages in 
both the Lemitar and Caballo Mountains.  
 
3.1  Introduction 
The rare-earth elements (REE) are essential components of permanent magnets and 
batteries used in the high-tech and renewable energy industry for the production of computers, 
smartphones, wind turbines, and hybrid cars (Castor and Hendrick, 2006; Hatch, 2012). In North 
America, mineral deposits enriched in the REE are commonly hosted in (per)alkaline and 
carbonatite deposits such as Bear Lodge in Wyoming (Longet al., 2010; Moore et al., 2015; 
Andersen et al., 2017) and Mountain Pass in California (Castor, 2008). Carbonatite (>50 wt.% 
carbonates and <20 wt.% SiO2) and (per)alkaline (molar [Na+K]>Al) rocks develop from mantle 
derived melts in rift- or mantle plume-related intraplate settings, where small degree melting of 
large volumes of metasomatized mantle and lower crust evolve through fractional crystallization, 
crustal rock assimilation, and/or melt immiscibility (Kogarko et al., 2010; Le Maitre et al., 2002; 
Martin, 2006; Martin and De Vito, 2005; Upton et al., 2003; Woolley, 1987).  
Upon emplacement at shallow crustal levels, nearly closed system melt evolution (i.e., 
fractional crystallization and melt immiscibility) can enrich these melts significantly in the REE 
to form economically important mineral deposits (Kogarko, 1990; Möller and Williams-Jones, 
2016; Smith et al., 2016; Vasyukova and Williams-Jones, 2014). Further internal evolution 
commonly leads to the exsolution of hydrothermal fluids, which are capable of remobilizing and 
concentrating the REE, such as has been observed in the late stage development of large and 
giant REE deposits including Strange Lake in Canada (Salvi and Williams-Jones, 2006; Gysi et 
al., 2016; Gysi and Williams-Jones, 2013; Vasyukova et al., 2016; Vasyukova and Williams-
Jones, 2018), and Bayan Obo in China (Smith et al., 1999, 2000, 2016). Despite the importance 
of metasomatism in the evolution of these systems, little is known about the exact processes that 
lead to variation in the REE and other trace element signatures recorded in veins where minerals 
such as fluorite and calcite have precipitated from hydrothermal fluids (Perry and Gysi, 2018).  
 While calcite is less common than fluorite within (per)alkaline deposits, it occurs as 
both a magmatic and hydrothermal mineral in carbonatite deposits (Chakhmouradian et al., 
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2016). Calcite displays significant variations in REE signatures, which could potentially allow us 
to delineate varying physicochemical conditions of mineralization (Debruyne et al., 2016; Perry 
and Gysi, 2018). Typical magmatic calcite concentrations in carbonatite display light (L)REE 
enriched chondrite-normalized profiles, whereas hydrothermal overprinting can lead to calcite 
with highly variable REE signatures (Jones et al., 2013). These hydrothermal calcite signatures 
range from unfractionated (e.g. Cinder Lake, Canada), to LREE enriched (e.g. Turiy Mys, 
Russia) and heavy (H)REE enriched (e.g. Bear Lodge, USA)  (Chakhmouradian et al., 2016; 
Moor et al., 2015). Trace element compositions of hydrothermal calcite were also studied in 
(per)alkaline rocks of the Gardar Province in South Greenland where chondrite-normalized REE 
profiles vary from unfractionated to middle (M)REE enriched (Schoenberger, 2008).   
Several factors can affect REE signatures recorded in natural calcite, such as the 
characteristics inherited from fluid reservoirs (e.g. seawater, meteoric water, and magmatic 
fluids), subsequent fluid mixing, boiling, and/or fluid-rock interaction (Debruyne et al., 2016). 
Only recently were varying physicochemical conditions simulated to quantify the effects of 
temperature, salinity, and pH on REE fractionation in calcite (Perry and Gysi, 2018). 
Complexation of the REE in aqueous fluids, mineral sorption and the solubility of REE-bearing 
minerals such monazite, xenotime and REE fluorocarbonates also play a significant role for the 
availability and fractionation of the different REE (Bau and Dulski, 1999; Gysi and Williams-
Jones, 2015; Migdisov et al., 2016; Gysi et al., 2015, 2018).  
 Many carbonatite- and alkaline-hosted REE deposits containing hydrothermal calcite 
and fluorite occur in New Mexico (Berger, 2018; McLemore, 2018, 2015; McMillan and 
McLemore, 2004; Riggins, 2014). Previous investigations of REE signatures in hydrothermal 
veins have focused on fluorite from the Tertiary hydrothermal vein type deposit in Gallinas 
Mountains (Gagnon et al., 2003). In this study, we present new laser ablation inductively coupled 
mass spectrometry (LA-ICP-MS) analyses and cathodoluminescence (CL) images of calcite from 
carbonatite and hydrothermal veins from the Lemitar Mountains carbonatite and the Caballo 
Mountains peralkaline episyenite in New Mexico. The samples analyzed include the discovery of 
a new carbonatite outcrop in the Caballo Mountains at the contact with the peralkaline 
episyenite. Both of these systems provide a unique opportunity to study and compare the varying 
REE signatures in hydrothermal and magmatic calcite in carbonatite and (per)alkaline systems.  
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3.2  Geologic Background 
New Mexico is host to an abundance of REE mineral deposits associated with several 
rifting and orogenic events from the Proterozoic onward. A suite of alkaline and carbonatite 
occurrences here have been dated to the Cambrian-Ordovician in a generally north-south trend 
through central New Mexico and central-southern Colorado (McMillan and McLemore, 2004). 
Examples of these include the Lemitar Mountains (carbonatite) and Caballo Mountains 
(episyenite-carbonatite) (Fig. 1 and 2). These occurrences are is cited as evidence of extension 
during this time, possibly related to the Neoproterozoic rifting of the western Laurentian margin 
and its reactivation; the margin trend matches that of the Cambrian-Ordovician alkaline and 
carbonatites as well as the  trend of the Rio Grande Rift (Fig. 1; McLemore, 2018; McMillan and 
McLemore, 2004). 
 
3.2.1 Geology of the Lemitar Mountains 
 The Lemitar Mountains are located in the western central region of New Mexico (Fig. 3.1). 
Here a series of carbonatite dikes are known hosts to REE-Th-U and Ag-Pb mineralization, with 
the occurrence of barite-fluorite veins (McLemore and Modreski, 1990; McLemore, 1987, 1983, 
1982). These carbonatite dikes intrude Precambrian metamorphic rocks, the Polvadera granite, 
and mafic intrusives, such as the Lemitar diorite and gabbro (McLemore, 1983).  
 The Lemitar Mountains carbonatite was dated to Late Ordovician with an age of 449 ± 16 
Ma analyzed using K-Ar dating of biotite (McLemore, 1987). The carbonatite magmatism in this 
region is part of the larger carbonatite-alkaline suite from the Cambrian-Ordovician (McMillan 
and McLemore, 2004). Alkaline magmatism of approximately the same age can be seen in 
several areas in New Mexico, such as Lobo Hill and the Monte Largo Hills (Lambert, 1961; 
McLemore, 1983; McLemore et al., 1999; McMillan and McLemore, 2004).  
 The Lemitar Mountains carbonatite varies from calcic to ferrocarbonatite (Jones et al., 
2013; Le Maitre et al., 2002). Whole rock carbonatite analyses are reported to contain up to 0.19 
wt.% total REE oxide (TREO), 4900 ppm Ce , 1700 ppm La and 700 ppm Y (McLemore and 
McKee, 1988; Van Allen et al., 1986). Intrusion of the carbonatite is accompanied by 
fenitization, which resulted from the interaction of K- and Na-K-rich fluids with the host gabbro, 
and led to the replacement of plagioclase by K-feldspar and by biotite (McLemore, 1983; 1987). 
Other metasomatic events include hematization and interaction of the host rock with 
! 75 
carbonatizing fluids (McLemore, 1987, 1983; Mclemore and Modreski, 1990). Field relations of 
the carbonatite hosted in fenitized gabbro and a series of hydrothermal calcite and fluorite veins 
are shown in Figure 3.2a and 2b. Metasomatism was also reported as the  likely cause of late 
REE-Th-U enrichment with the occurrences of REE minerals such as monazite, synchysite, and 
ancylite, and accessory minerals such as apatite, barite, and fluorite (Van Allen et al., 1986; 
McLemore and McKee, 1988; McMillan and McLemore, 2004).  
 
3.2.2 Geology of the Caballo Mountains 
The Caballo Mountains are located in the southwestern central region of New Mexico (Fig. 
3.1) and are host to high-K metasomatized granite, with up to 16 wt. % K2O (Riggins, 2014). 
These rocks are termed episyenite and can preserve the primary igneous texture of the granite 
with the replacement of essentially all plagioclase by K-feldspar(McLemore, 1986; McLemore et 
al., 2012; Staatz et al., 1965) and a corresponding decrease in measure whole rock SiO2 
concentrations (Riggins, 2014). Most primary igneous minerals, such as magnetite, biotite, and 
amphibole, have been dissolved and/or replaced during metasomatism. Reported total REE oxide 
(TREO) concentrations reach up to 1378 ppm in the episyenite, while other analyzed episyenites 
samples have low REE concentrations similar to the host granite (Riggins, 2014). The episyenite 
is also host to REE-Th-U-enriched veins containing synchysite, xenotime, and aeschynite 
(Mclemore and Modreski, 1990; McMillan and McLemore, 2004; Riggins, 2014).  
The episyenite was dated to ~456 Ma using 40Ar/39Ar (Riggins, 2014), and was interpreted 
to result from metasomatism by fluids originating at depth from an unexposed 
alkaline/carbonatite intrusive, likely part of the Cambrian-Ordovician plutonic suite (McMillan 
and McLemore, 2004; Riggins, 2014; Seager and Mack, 2003). No evidence of such plutonic 
body was found previously (McLemore, 2015; McMillan and McLemore, 2004; Riggins, 2014), 
but in this study we report the discovery of a series of carbonatite dikes hosted in the Caballo 
Mountains episyenite. Field relations of the episyenite overprinting the granite, and the presence 
of the newly discovered carbonatite unit in the Caballo Mountains is shown in Figures 3.2c-f. 
The carbonatite is fine-grained and forms brown to beige dikes crosscutting the episyenites in 
<10 cm thin dikelets and >25 cm large dikes. 
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3.3  Methods 
Samples of hydrothermal calcite veins and igneous calcite were systematically selected 
from the Lemitar Mountains carbonatite and Caballo Mountains episyenite. Calcite samples from 
the Lemitar Mountains were taken from a series of hydrothermal calcite veins crosscutting a 
carbonatite dike hosted in fenitized gabbro (Fig. 3.2b). Calcite samples from the Caballo 
Mountains were collected from the contact between the episyenite and a carbonatite dike (Fig. 
3.2e-f), and include a series of hydrothermal calcite veins crosscutting both units. Five  
 
 
Figure 3.1: Map of New Mexico showing REE deposits, as well as the general outline of the Rio 
Grande Rift. Figure after McLemore, 2015 and 2018. 
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representative calcite samples were cut into billets and 120 µm double polished thick sections 
were prepared for studying textural relationships using CL and for LA-ICP-MS trace element 
analysis. 
          Textures and mineral mapping were conducted using a TIMA automated mineral analyzer 
at the electron microscopy laboratory in the department of Geology and Geological Engineering, 
Colorado School of Mines. This scanning electron microscopy system is a TESCAN-VEGA3 
equipped with four PulseTor silicon drift EDX energy-dispersive X-ray spectrometers. Analysis 
was conducted at an accelerating voltage of 25 kV and using a 20 µm step and beam spot size to 
minimize analysis time while maintaining a resolution to identify small mineral grains.  
 Selected calcite crystals were further studied by CL microscopy using a HC5-LM hot-
cathode microscope by Lumic Special Microscopes, Germany. The system was operated at 14 
kV with a current density of 10 µA mm-2 (Neuser, 1995). The CL images were captured using a 
high sensitivity, double-stage Peltier cooled Kappa DX40C CCD camera.  
Rare earth element concentrations were determined using a LA-ICP-MS at the Magmatic 
and Ore-Forming Processes Research Laboratory, University of Toronto. Analyses were 
conducted on a system comprising a NWR-193 UC excimer LA system and an Agilent 7900 
quadrupole ICP-MS. Traverses were ablated with a spot size of 20 µm, and all others analyses 
using a spot size of 40 µm.  The laser was operated at 10 Hz repetition rate with 12 J/cm2 energy 
density on the sample surface. The instrument was tuned to robust plasma conditions indicated 
by near equal sensitivity for Th and U, with ThO production rates of <0.3% and doubly charged 
ion production rate <0.35% as monitored using 42Ca/Mass 21 ratios. The integration time for all 
the elements was 10 ms, except for Rb, Dy, Er, Tm, Yb, Lu, Pb, Th and U for which it was 20 
ms. The GSD-1g silicate glass was used as external standard and was measured twice at the 
beginning and end of each analysis block to allow for drift correction. In addition, the USGS 
carbonate standard MACS-3 was measured as unknown once per each analysis block. Total Ca, 
Mg, Mn, and Fe concentrations were used as internal standards with the assumption that the sum 
of these elements correspond to 100 wt.% carbonate. The SILLS software was used for data 
reduction (Guillong et al., 2008). The full LA-ICP-MS dataset can be found in Appendix A.  
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3.4  Results 
3.4.1 Mineralogy and calcite textures from the Lemitar Mountains carbonatite 
The samples collected from the Lemitar Mountains consist of hydrothermal calcite veins 
which crosscut metasomatized carbonatite dikes hosted in fenitized gabbro. Automated 
mineralogy maps indicate that the carbonatite is overprinted by several alterations types (Fig. 
3.3a,c). The carbonatite consists of fine-grained calcite and apatite and has been pervasively 
overprinted by chlorite, quartz, and coarser-grained apatite forming irregular veins (Fig. 3.3a). 
This chloritization is crosscut by small quartz veinlets that join into larger quartz grains and 
display dissolution textures and replacement by calcite. Backscattered electron images of the 
carbonatite show the distribution of REE fluorocarbonate minerals (i.e., bastnaesite, 
parasite/synchisite, ancylite) with the REE notably concentrated in the metasomatized 
carbonatite and in the quartz-apatite-chlorite veins (Fig. 3.3b,d). These alteration zones are 
crosscut by large hydrothermal calcite veins containing fragments of metasomatized carbonatite 
(Fig. 3.3a), and are mostly devoid of REE mineralization.  
 The Lemitar carbonatite also displays zones with pervasive silicic alteration and a 
complex array of fluorite-calcite, calcite, and quartz veins crosscutting each other and the host 
carbonatite (Fig. 3.3c,d). Automated mineralogy maps allow distinguishing the crosscutting 
relationships of the veins. The fluorite-calcite veins are crosscut by quartz veinlets, which are 
then crosscut by later calcite veins devoid of fluorite (Fig. 3.3c). These observations indicate the 
following sequence of alteration and veining events: chloritization > silicic alteration > fluorite-
calcite veins > quartz veining > calcite veining. 
Based on automated mineralogy (Fig. 3.3a,c) and CL signatures of vein calcite 
crosscutting the Lemitar Mountains carbonatite (Fig. 3.4), we distinguished four different calcite 
generations (Calcite L1-L4). Calcite L1 occurs as euhedral to subhedral grains at the center of 
the calcite veins, and forms straight boundaries with bright red CL signatures (Fig. 3.4a). Calcite 
L1 is characterized by mm-sized oscillatory zoned crystals with a zoned banding and a mosaic 
texture grain intergrowth. Cores are heavily pitted, with dark CL signatures corresponding to 
zones enriched in REE, in comparison to zones with brighter CL signatures. Based on the degree 
of alteration, Calcite L1 could be further subdivided into variant L1a and L1b, with the latter 
displaying pervasive core and rim dissolution textures (Fig. 3.4a,b). Calcite L2 displays <1.5 
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mm-sized crystals and is distinguished from Calcite L1 by a better developed finer oscillatory 




Figure 3.2: Field relations of carbonatite and episyenite in the Lemitar (a-b) and Caballo (d-f) 
Mountains. a) Carbonatite dike crosscutting fenitized gabbro. b) hydrothermal calcite-fluorite 
vein crosscutting a carbonatite. c) Episyenite overprinting granite. d) Metasomatic feldspar 
textures in episyenite from the Caballo Mountains. e,f) A newly discovered carbonatite (beige-
brown) in the Caballo Mountains showing clear contacts to the episyenite with the presence of a 
series of small carbonatite dikelets   
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(Fig. 3.4c-d). These Calcite L2 crystals are commonly replaced at rims (dissolution textures) by 
Calcite L3 that forms cloudy clusters of anhedral crystals (Fig. 3.4d).  Calcite L4 consists ~0.2 to 
>1 cm large crystals, which are clear and unzoned with distinct cleavage planes and mosaic 
intergrowth textures (Fig. 4e-f). Calcite L4 rims are characterized by irregular boundaries with 
bright red CL signatures. 
 
3.4.2 Mineralogy and calcite textures from the Caballo Mountains episyenite-carbonatite 
Hydrothermal calcite samples collected from the Caballo Mountains are from a contact 
consist of episyenite and a newly discovered carbonatite dike and also from calcite veins within 
the carbonatite (Fig. 3.2e,f). The carbonatite consists of fine-grained calcite with small amounts 
of fayalite, apatite, and magnetite and the absence of dolomite. Based on mineralogy, this 
carbonatite type can be classified as alvikite: a fine-grained calcite-carbonatite (Jones et al., 
2013). An automated mineralogy map shows that the carbonatite is overprinted by chloritization 
and silicic alteration at the episyenite contact with the presence of several calcite veins 
crosscutting both units (Fig. 3.3e). The calcite veins close to the contact contain small clasts of 
episyenite. Rare earth element-bearing minerals consist of bastnaesite-(Ce), parisite-
(Ce)/synchisite-(Ce), and minor ancylite and occur as very fine-grained crystals disseminated in 
the carbonatite with an apparent correlation with silicic alteration and veining. Within the contact 
zone, the episyenite is brecciated and the REE-bearing minerals appear also to be associated with 
the silicic alteration of feldspar-rich clasts. Based on these observations, we suggest the 
following sequence of alteration and veining events: metasomatic episyenite formation > 
carbonatite dike emplacement in the episyenite > early thin calcite veinlets in carbonatite > 
brecciation of episyenite and pervasive chloritization, silicification, and REE mineralization > 
pervasive calcite veining. 
Based on CL signatures of the calcite veins found throughout the carbonatite and contact 
area, we distinguished three different hydrothermal calcite generations (Calcite C1-C3; Fig. Fig. 
3.5). Calcite C1 (Fig. 3.5a) occurs at the contact between the episyenite and carbonatite, and 
consists of 0.25 to > 1.5 cm large calcite crystals intermixed with brecciated clasts of mostly 
episyenite (Fig. 3.3e). Calcite C1 crystals are euhedral to subhedral with a dark red CL signature 
in the core and a bright red CL signature on the rims (Fig. 3.5a). These rims are defined by a 
slight oscillatory zoning and the presence of dissolution textures with some crystals displaying 
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pervasive alteration and later infills of zoned and vuggy Calcite C2. Calcite C2 forms also <0.2 
to 0.5 cm large euhedral to anhedral crystals with heavily altered rims and is characterized by 
dark red to black CL signatures (Fig. 3.5b-d). The carbonatite contains finer-grained anhedral 
calcite with network intergrowths crosscut by Calcite C2 (Fig. 3.5c). Calcite C3 overprints 
pervasively the two other calcite generations, and forms spots to small veinlets with bright red 
CL signatures (Fig. 3.5a, b, d).  
 
3.4.3 REE signatures of hydrothermal calcite veins 
The calcite veins from the Lemitar Mountains carbonatite and Caballo Mountains 
episyenite/carbonatite presented above, were further analyzed using LA-ICP-MS. The data are  
listed in Table 3.1, and the full dataset is available in Appendix B.  
 The four calcite types distinguished based on CL signatures in the veins from the Lemitar 
Mountains display distinct LREE enriched chondrite-normalized REE profiles (Fig. 3.6). Calcite 
L1 (Fig. 3.6a) is characterized by elevated LREE and HREE in comparison to other calcite types, 
which all have elevated LREE but depleted and highly variable HREE signatures. Calcite L1 has 
two different REE profiles depending on the zones measured. In the core (Signature I), Calcite 
L1 is enriched in the REE, whereas in the rims (Signature II), the REE are depleted with the 
lowest LREE of all the measured calcite types. Calcite L2 is characterized by positive Eu 
anomalies and by enriched LREE profiles with highly variable and depleted HREE 
concentrations (Fig. 3.6b).  These variations in HREE correlate with the finer oscillatory zoning 
in this calcite type in comparison to Calcite L1 (Fig. 3.4a-d). Similar REE profiles are observed 
in Calcite L3 that overprints L2 (Fig. 3.6c) but with overall lower and more highly variable REE 
profiles. Calcite L4 displays the steepest LREE over HREE profiles and lower HREE 
concentrations in comparison to the other calcite generations (Fig. 3.6d).  
 Chondrite-normalized REE profiles of vein calcite from the Caballo Mountains are 
distinctly enriched in the HREE and display strong negative Eu anomalies (Fig. 3.7) in 
comparison to vein calcite from the Lemitar Mountains. Calcite C1 has noticeably flatter HREE 
profiles than the other calcite generations (Fig. 3.7a). This group also has comparable to slightly 
enriched LREE signatures and higher negative Eu anomalies than the other calcite generations. 
Calcite C2 (Fig. 3.7b) has a distinct steep positive HREE/LREE enrichment pattern in 
comparison to Calcite C1 and C2. Calcite C3 is similar to C1 with a flat HREE profile but higher 
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enrichment in HREE preferential to LREE in C3 vs. C1. 
 
 
Figure 3.3: TIMA automated mineralogy maps and  BSE photomicrographs with REE mineral 
(parisite, synchysite, ancylite, and bastnasite) distribution overlay  in hydrothermal calcite veins 
from the Lemitar Mountains carbonatite (a-d) and the Caballo Mountains episyenite-carbonatite 



































































The Ce/Ce*, Eu/Eu*, and La/Yb anomalies observed in the chondrite-normalized REE 















                                                                    (3.2) 
where positive anomalies have value >1 and negative anomalies values <1. All REE 
concentrations in Equations 3.1 and 3.2 were calculated using chondrite-normalized values, as is 
the La/Yb (chondrite-normalized) ratio. These ratios have proved to be important petrogenetic 
indicators in calcite for redox conditions (Ce anomalies), feldspar fractionation (Eu anomalies) 
during crystallization (Banks et al., 1994; Chakhmouradian et al., 2016; Debruyne et al., 2016). 
The La/Yb ratio is also used as an indicator of the degree of REE fractionation (Chakhmouradian 
et al., 2016; Debruyne et al., 2016). Our data show calcite analyses in veins from the Lemitar 
Mountains have weakly negative to positive Ce anomalies (Fig. 6). These Ce/Ce* ratios range 
from 0.79-1.22 with a mean of 1.04 for L1, L2, and L4 and 1.03 for L3. Ce/Ce* ratios of calcite 
veins from the Caballo Mountains range from 0.96-1.16, with a mean of 1.06 for Calcite C1, 
1.09 for Calcite C2, and 1.11 Calcite C3 (Table 3.2). Observed Eu anomalies differed greatly 
between calcite from the Lemitar and Caballo Mountains. Eu/Eu* ratios in calcite from the 
Lemitar Mountains displayed systematically higher values than in calcite from the Caballo 
Mountains. The latter are characterized by large negative Eu anomalies (Fig. 3.7). Eu/Eu* ratios  
in calcite from the Lemitar Mountains range between 0.78-1.78, whereas calcite from the 
Caballo Mountains have Eu/Eu* ratios between 0.33-0.43 (Table 3.2). 
 The La/Yb ratio is useful in reviewing REE fractionation and is calculated using 
chondrite normalized values. In the Lemitar Mountains this ratio ranges from 4.39-716 (Table 
3.2), where Calcite L2 had the highest mean of 156.65 as well as the largest range of values. 
Respective means for calcite generations L1, L3, and L4 are 17.47, 56.46, and 33.38. In contrast, 
Caballo calcite samples had much lower values and showed much less range, with values from 
0.27-1.48. The means of this ratio by generation are 1.05, 0.46, and 0.59 for C1, C2, and C3, 
respectively. Higher La/Yb values indicate steeper LREE/HREE patterns in the Lemitar calcite 
analyses and more HREE enriched to less fractionated (appearing more flat) profiles in the 




Figure 3.4: CL photomicrographs of Calcite L1-L4 in the Lemitar Mountains carbonatite. a,b) 
Calcite L1 with irregular oscillatory zoning, pitted cores and/or pervasive alteration. c,d) Calcite 
L2 with strong oscillatory zoning and overprint by Calcite L3. e) Anhedral clusters of Calcite L3 
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Figure 3.5: CL photomicrographs of Calcite C1-C3 in the Caballo Mountains episyenite-
carbonatite. a) Calcite C1 within the carbonatite with homogeneous cores and bright CL rim 
signatures and dissolution textures with later infill of vuggy Calcite C2. b). Calcite C2 with dare 
red to black Cl signatures overprinted by fine-grained patchy Calcite C3. c) Carbonatite crosscut 
by Calcite C2. D) Large subhedral to euhedral Calcite C2 crystal overprinted by patchy irregular 























Table 3.1. Select LA-ICP-MS data from the Lemitar (carbonatite) and Caballo Mountains (episyenite-carbonatite), for different calcite 
generations. All data are from hydrothermal calcite from veins in the Lemitar and Caballo Mountains and are in ppm. The full dataset 
can be found in Appendix B. 
 
                     La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm   Yb    Lu Y    
Lemitar Mountains (carbonatite)                
Calcite L1                    
A22B-13 75.25 197.27 22.56 83.70 11.37 4.85 9.45 1.13 5.73 1.03 2.49 0.29 1.87 0.23 41.48      
A22B-16 69.25 200.06 24.46 92.52 13.82 5.61 11.18 1.36 6.90 1.19 2.70 0.34 2.14 0.30 50.85      
A22B-26 119.81 223.89 28.69 127.10 22.21 5.39 17.88 1.84 9.00 1.66 4.36 0.42 3.15 0.42 47.22      
A22B-27 260.97 503.96 63.79 271.37 46.52 12.14 40.54 4.39 22.96 4.31 10.36 1.14 6.86 0.79 138.10      
A22B-28 59.34 128.53 17.09 79.25 17.88 4.85 17.71 2.08 10.81 2.06 5.23 0.68 4.36 0.59 66.42      
A22B-36 62.92 158.91 18.51 68.08 11.84 3.26 9.48 1.07 5.59 0.91 2.00 0.25 1.65 0.22 32.83      
A22B-37 21.95 64.59 10.29 48.72 18.43 5.43 23.09 3.14 16.65 2.71 5.55 0.65 3.39 0.44 86.30      
A22B-38 34.98 90.50 12.34 55.27 14.25 3.94 14.81 1.92 10.29 1.75 4.25 0.42 2.30 0.32 57.60      
A22B-39 79.82 185.99 23.76 98.11 19.78 4.90 17.77 2.13 10.53 1.71 4.12 0.37 2.08 0.30 61.64      
A22B-40 22.98 67.93 10.37 48.23 15.60 4.88 18.04 2.04 10.62 1.67 3.41 0.37 1.93 0.21 64.21      
A22B-41 19.74 58.48 9.11 44.82 14.53 4.19 17.67 2.07 9.88 1.59 3.51 0.34 1.85 0.19 55.92      
Calcite L2                    
A22B-1 46.61 149.88 19.42 78.38 13.28 5.16 12.05 1.31 6.53 1.10 2.55 0.27 1.84 0.21 43.92      
A22B-2 51.63 166.61 21.03 84.94 14.31 5.98 13.94 1.80 10.19 1.77 4.14 0.54 3.45 0.44 68.40      
A22B-4 124.24 260.50 28.28 97.94 13.37 6.87 9.26 0.79 3.50 0.49 1.12 0.13 0.70 0.10 21.03      
A22B-5 272.54 397.43 36.72 116.32 8.91 2.93 3.71 0.29 1.13 0.17 0.49 0.05 0.26 0.04 4.55      
A22B-19 128.36 203.12 17.97 55.08 5.03 1.53 3.26 0.30 1.43 0.24 0.55 0.06 0.34 0.04 10.57      
A22B-20 52.43 121.96 13.81 50.28 6.55 1.99 4.73 0.44 2.04 0.33 0.77 0.09 0.52 0.07 14.32      
A22B-21 139.18 283.37 29.06 94.72 10.05 2.59 5.90 0.49 2.15 0.32 0.74 0.08 0.45 0.06 14.25      
Calcite L3                    
A22B-22 103.51 151.86 17.65 74.92 13.64 4.55 14.60 1.34 6.39 1.00 2.05 0.19 0.86 0.10 44.47      
A22B-23 64.56 178.93 20.52 75.78 10.84 4.61 9.11 1.08 5.75 0.95 2.31 0.28 1.75 0.23 40.60      
A22B-24 82.31 205.42 22.53 78.85 10.85 3.81 7.87 0.80 3.80 0.60 1.32 0.14 0.93 0.11 26.43      
A22B-45 8.44 20.37 2.39 8.86 1.19 0.34 0.85 0.09 0.38 0.06 0.12 0.02 0.09 0.01 2.58      
 
A22B-46 54.57 123.60 13.35 45.02 5.20 1.29 3.24 0.29 1.31 0.20 0.42 0.04 0.21 0.03 8.69 
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Table 3.1 Continued              
                    La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y      
A22B-47 24.94 58.74 8.31 39.72 11.74 3.91 16.70 2.15 12.49 2.25 5.61 0.57 3.86 0.54 90.45      
A22B-48 19.52 41.41 5.12 20.41 3.47 0.90 3.08 0.27 1.23 0.19 0.44 0.04 0.28 0.04 6.79      
A22B-49 0.82 3.07 0.45 2.02 0.55 0.16 0.59 0.08 0.40 0.07 0.17 0.02 0.16 0.02 2.44      
A22B-50 1.24 4.15 0.62 2.69 0.71 0.19 0.65 0.08 0.47 0.07 0.18 0.02 0.14 0.03 2.74      
A22B-51 1.87 6.26 0.87 3.73 0.93 0.26 0.91 0.11 0.56 0.09 0.21 0.02 0.17 0.02 3.57      
Calcite L4                    
A22B-7 54.10 172.36 21.46 82.96 13.30 5.85 12.08 1.49 8.57 1.55 3.89 0.47 3.20 0.43 58.92      
A22B-8 56.89 90.23 10.90 47.84 10.95 4.50 14.32 1.55 7.82 1.25 2.57 0.23 1.03 0.12 57.73      
A22B-22 103.51 151.86 17.65 74.92 13.64 4.55 14.60 1.34 6.39 1.00 2.05 0.19 0.86 0.10 44.47      
A22B-23 64.56 178.93 20.52 75.78 10.84 4.61 9.11 1.08 5.75 0.95 2.31 0.28 1.75 0.23 40.60      
A22B-24 82.31 205.42 22.53 78.85 10.85 3.81 7.87 0.80 3.80 0.60 1.32 0.14 0.93 0.11 26.43      
A22B-38 34.98 90.50 12.34 55.27 14.25 3.94 14.81 1.92 10.29 1.75 4.25 0.42 2.30 0.32 57.60      
A22B-41 19.74 58.48 9.11 44.82 14.53 4.19 17.67 2.07 9.88 1.59 3.51 0.34 1.85 0.19 55.92      
Caballo Mountains (episyenite-carbonatite)                
Calcite C1                     
C2-17 12.21 27.53 3.19 12.10 3.47 0.51 5.08 1.20 8.76 1.78 5.15 0.78 5.60 0.76 30.71      
C2-18 10.34 23.08 2.55 9.34 2.94 0.42 4.44 1.03 7.71 1.51 4.82 0.70 5.53 0.78 27.88      
C2-19 9.48 21.79 2.57 10.36 3.97 0.59 6.53 1.57 11.65 2.41 7.52 1.19 9.12 1.27 46.57      
C2-20 8.68 20.60 2.42 9.94 4.17 0.56 6.59 1.73 12.47 2.42 7.48 1.10 8.11 1.11 41.35      
Calcite C2                     
C2-31 5.78 16.30 2.22 10.11 4.16 0.74 8.11 1.88 14.01 2.84 8.87 1.23 7.86 0.98 71.71      
C2-32 5.38 14.14 1.80 8.36 3.44 0.56 5.76 1.27 9.40 1.90 5.60 0.80 5.17 0.74 43.95      
C2-33 6.14 13.29 1.78 7.05 2.87 0.46 4.46 1.21 8.85 1.91 6.12 0.96 6.93 0.99 29.77      
C2-34 6.09 14.22 1.62 7.62 3.37 0.58 5.98 1.57 11.95 2.54 8.10 1.26 8.62 1.24 44.55      
C2-35 6.57 17.79 2.27 10.57 4.64 0.76 8.91 1.98 15.02 3.14 9.26 1.37 9.45 1.33 64.61      
C2-36 7.71 20.89 2.73 10.82 4.64 0.63 7.38 1.85 14.26 3.02 9.85 1.54 11.67 1.67 58.99      
C2-38 4.71 11.65 1.46 6.38 2.80 0.43 5.21 1.52 11.33 2.37 8.00 1.30 10.15 1.38 38.19      
C2-40 5.21 13.77 1.77 6.87 3.09 0.47 5.43 1.29 9.91 2.09 6.62 1.07 7.92 1.10 39.83      
C2-41 8.05 21.51 2.46 10.33 4.18 0.73 6.38 1.96 14.64 2.90 10.1 1.67 13.27 1.95 55.79      
C2-42 4.92 13.54 1.64 6.28 2.84 0.47 4.21 1.18 10.35 2.32 7.77 1.36 12.53 1.98 37.43      
C2-43 4.30 10.65 1.39 6.05 2.66 0.57 5.86 1.31 9.34 1.95 5.69 0.84 5.93 0.79 38.09      
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Table 3.1 Continued              
C2-45 4.75 12.05 1.48 5.40 2.18 0.34 3.57 1.08 8.20 1.69 6.15 1.08 9.32 1.41 30.85      
                    La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y      
C2-37 18.21 49.62 6.42 27.02 9.84 1.84 17.28 4.06 30.68 6.24 18.83 2.76 18.44 2.42 131.62      





Figure 3.6: Representative REE signatures of the different hydrothermal calcite vein generations (Calcite L1-L4) in the Lemitar 
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Figure 3.7: Representative REE signatures of the different hydrothermal calcite vein generations 
(Calcite C1-C3) in the Caballo Mountains episyenite and carbonatite. LA-ICP-MS analyses are 
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3.5  Discussion 
3.5.1 Link between calcite generations and metasomatism in the Lemitar and Caballo 
Mountains 
Here, we combine the textural observations of the different alteration types and calcite 
generations from automated mineralogy with CL signatures of calcite. In Figure 8, a comparison 
is made between the different metasomatic stages and calcite generations in the Lemitar and 
Caballo Mountains to build a paragenetic sequence and link it to the REE signatures of calcite. 
 Pervasive carbonatite metasomatism, REE mineralization, and calcite veining can be 
distinguished in the Lemitar Mountains carbonatite (Fig. 3.8a). Initially, the carbonatite became 
chloritized followed by silicic alteration and the mineralization of hydrothermal REE minerals 
and apatite. The veins forming during this stage consist of quartz-apatite-chlorite and quartz 
veins with fluorocarbonates. We interpret the mineralization of hematite, apatite, and 
chloritization/silicic alteration to indicate that this metasomatic fluid (Fluid 1) was likely 
oxidized, low pH and enriched in Fe-P-REE. This stage is followed by calcite veining that can be 
separated into early and late stage veining. During the early veining stage, carbonatization and 
pervasive fluorite mineralization in the carbonatite, indicates a shift in the type of 
metasomatizing fluids after the chloritization event, with a metasomatic fluid (Fluid 2) likely 
enriched in Ca-CO2-(F) and with higher pH values buffered by calcite. Early veins contain 
fluorite-calcite and calcite veins, some of which still contain minor REE mineralization. This is 
reflected by the higher REE concentrations measured in Calcite L1 (Table 3.1). The fluid which 
precipitated Calcite L1 was likely still slightly enriched in REE, which is reflected by the 
elevated measured REE signatures (Fig. 3.6a) of the dark pitted crystal cores (Signature I) vs. the 
lower REE measured in the rim (Signature II) (Fig. 3.6a). In contrast, later Calcite L2, L3, and 
L4 display lower REE concentrations with a noticeable depletion in HREE (Figs. 3.6b-d). 
Variation between positive and negative Ce anomalies in Calcite L2 and L4 and the presence of 
dissolution/reprecipitation textures in Calcite L2 (Fig. 3.4c) records a shift to late stage veining 
during the formation of Calcite L3 and L4. Evidence for Fluid 1 is given by positive Ce 
anomalies (indicates an oxidizing fluid), REE enrichment and transport, and also dissolution 
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textures in C1 and C2 generations. Fluid 2 during late stage veining had lower REE 
concentration and no oscillatory zoning or dissolution textures (C3 and C4).  
In the Caballo Mountains, an early stage of pervasive metasomatism formed the 
episyenite during fenitization, which was followed by the emplacement of the carbonatite and 
several stages of alteration that are comparable to Lemitar Mountains (Fig. 3.8b). After the 
formation of the episyenite, intrusion of carbonatite dikes led to the formation of early veins of 
Calcites C1 characterized by bright rim zoning (Fig. 3.5a), and the least REE enriched profiles 
compared to the other calcite generations measured at Caballo (Fig. 3.7a).  This event was 
followed by brecciation, pervasive chloritization and silicific alteration throughout the 
carbonatite and at the contact with the episyenite. Similar to the Lemitar Mountains, this stage 
was characterized by the hydrothermal mineralization of REE in thin veinlets likely associated 
with an oxidized, low pH metasomatic fluid (Fluid 1) that led to chloritization and silicification. 
This event was followed by carbonatization at the episyenite contact and the formation of calcite 
veins. Calcite C2 is interpreted to mark this transition followed by the formation of Calcite C3. 
In contrast to calcite formed in the Lemitar Mountains during this stage, Calcite C2 is enriched in 
the HREE compared to other calcite generations formed at Caballo Mountains (Fig. 3.7). We 
conclude, therefore, that the formation of Calcite C1 was related to a different metasomatic stage 
than the formation of Calcite C2 and C3, which is reflected in their different REE signatures 
(Fig. 3.7) and types of zonation (Fig. 3.5a,b). A main difference between calcite generation C2 
and C3 is that C2 is related to pervasive carbonatization, while C3 is only related to late stage 
veining.   
 
3.5.2  Comparison of REE signatures calcite from carbonatite and alkaline systems 
Typical, magmatic bulk rock REE signatures in carbonatites show a pronounced 
preferential enrichment in LREE over the HREE, leading to steep negative chondrite-normalized 
REE profiles (Chakhmouradian et al., 2016; Mclemore and Modreski, 1990; McLemore, 1987, 
1983, 1982). Light REE-depleted chondrite-normalized bulk rock profiles have been described in 
pervasively altered carbonatites and calcite, such as those at Bear Lodge, WY (Chakhmouradian 
et al., 2016; Moore et al., 2015). Depending on the factors affecting the REE signature, 
hydrothermally calcite in carbonatite hosts can exhibit either LREE (Turiy Mys, Russia) or 
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HREE (Bear Lodge) enrichment patterns (Chakhmouradian et al., 2016). Fluid reservoir 
characteristics, different types of alteration and metasomatism, fluid mixing, fluid-rock 
interaction, and mineral precipitation can affect REE fractionation significantly 
(Chakhmouradian et al., 2016; Debruyne et al., 2016; Riggins, 2014). McLemore (1987) 
observed that hematized and carbonatized ferrocarbonatites in the Lemitar Mountains did not 
exhibit the expected the LREE/HREE enrichment in chondrite-normalized REE profiles, but 
instead these profiles displayed flatter REE pattern where the LREE and HREE were less 
fractionated. Calcite from the Kerimasi, Magnet Cove, and Aley carbonatite deposits, which are 
unaltered to weakly altered primary-magmatic carbonatites, display the same type of pattern as is 
seen in the Lemitar calcite data (Chakhmouradian et al., 2016).  
           (Per)alkaline trace element data from calcite is much less exhaustively characterized than 
for carbonatites. Moller et al. (1980) report that such calcite REE patterns should be close to 
those of carbonatites but with slightly flatter HREE profiles. These authors also cite that similar 
calcite REE patterns from carbonatite and alkaline deposits could also indicate the melts were 
comagmatic/genetically related. Schoenberger (2008) describes the general REE pattern for a 
peralkaline pluton from the Gardar Province in Greenland to be characteristically flat to MREE 
enriched profiles.  
Chakhmouradian et al. (2016) compiled all available calcite REE data from carbonatites. 
They show that the highest La/Yb values are present in Turiy Mys (<1742), while the lowest are 
from Cinder Lake (0.9-5.0). Lemitar calcite has high, homogenous La/Yb ratios, while the 
Caballo calcite has very low values (Table 3.2). These have been documented as decreasing with 
increasing fractionation at the Aley carbonatite complex in Canada (Chakhmouradian et al., 
2016). Low La/Yb values indicate the Caballo calcite-precipitating fluids were much more 
fractionated than those in the Lemitar Mountains. Increased fractionation is also a hallmark of 
extensive fluid-rock interaction, which may correspond with fluids traveling longer distances 
from their source pluton (Riggins, 2014).  
Reported Ce/Ce* anomalies from both the Lemitar and Caballo Mountains calcite both show a 
range from slightly negative to positive values. The Lemitar calcite samples have an average of 
1.04 Ce/Ce
*
, which is in contrast to that which is observed from Kerimasi, Tanzania and Magnet 
Cove, AR (0.40-0.79, 0.40-0.53, respectively) (Chakhmouradian et al., 2016). Anomalies from 
the Caballo Mountains are similar to those found in the Lemitar Mountains: a mean of 1.09 vs. 
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1.04, respectively (Table 3.2). Negative anomalies were found only in C2 generations and were 
scarce. Caballo calcite shows a range from 0.96-1.16. Moller et al. (1980) reported that negative 
Ce/Ce
*
 anomalies are normally found in alkaline rocks and may indicate an oxidizing character 
to the derivative fluid reservoirs. They could also arise from melt separation due to immiscibility, 
which, if it occurs, would impart the negative Ce/Ce
*
 anomaly to all minerals subsequently 
precipitated (Chakhmouradian et al., 2016).  
 
 
Table 3.2: A summary of hydrothermal vein calcite LA-ICP-MS data from the Lemitar 
(carbonatite) and Caballo Mountains (episyenite-carbonatite) by generation, in terms of common 
element ratios and anomalies. 
                      La/Yb Ce/Ce
*




Calcite L1, Avg. 17.47 1.04 0.92     
Range 4.40-27.32 0.90-1.17 0.78-1.38     
Median 21.93 1.05 0.82     
Calcite L2, Avg. 156.65 1.04 1.14     
Range 7.26-715.74 0.84-1.22 0.80-1.78     
Median 67.90 1.05 1.08     
Calcite L3, Avg. 56.46 1.03 1.06     
Range 4.39-178.23 0.79-1.22 0.82-1.38     
Median 47.62 1.08 0.99     
Calcite L4, Avg. 33.38 1.04 1.09     
Range 7.26-81.63 0.82-1.22 0.80-1.38     
Median 25.11 1.05 1.10     
Caballo Mts.  
Calcite C1, Avg. 1.05 1.06 0.35     
Range 0.71-1.48 1.05-1.07 0.33-0.37     
Median 1.05 1.05 0.36     
Calcite C2, Avg. 0.46 1.09 0.38     
Range 0.27-0.71 0.96-1.16 0.33-0.43     
Median 0.46 1.09 0.38     
Calcite C3, Avg. 0.59 1.11 0.40     
Range 0.50-0.67 1.10-1.11 0.37-0.43     









Figure 3.8: Paragenetic diagram for the Lemitar and Caballo Mountains based on this research, 






A mix of Eu/Eu
*
 anomalies are observed in the Lemitar, from weakly negative to 
positive, while in the Caballo Mountains calcite samples, only negative values were observed 
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calcite with these rocks resulted in this distinct and severe depletion of Eu in Caballo calcite 
samples because the Eu would become sequestered into the K-feldspar. Highly altered calcite 
from the carbonatite at Bear Lodge in Wyoming has negative Eu anomalies, which were found to 
be common within the large dataset of calcite from carbonatites evaluated by Chakhmouradian et 
al., (2016). Schoenberger et al. (2008) notes that peralkaline REE patterns also exhibit negative 
Eu anomalies. Douville et al. (2002) and Eickmann et al. (2009) postulated that if an Eu anomaly 
was negative, then trivalent REE were the dominant free ion oxidation state rather than the 
divalent Eu ion. By understanding and comparing these values to our data and that which is 
presented in the literature, we can unravel the nature of geochemical changes due to post-
depositional hydrothermal processes. 
Finally, Lemitar calcite had much higher REE concentrations than Caballo calcite, and 
enrichment decreases in the younger generations within Lemitar calcite data but increases in 
younger calcite in the Caballo Mountains. Lemitar calcites range from 45.80-1388.19 ppm 
(!REE) but with a mean between ~350-425 ppm (!REE), and Caballo calcite samples range 
from 89.55-345.28 ppm (!REE). According to Chakhmouradian et al. (2016), 98% of their 
numerous analyses of calcite from carbonatites around the world yielded values <1400 ppm, 
showing neither of our sampling location’s hydrothermal calcite to be very REE-enriched. In 
contrast to hydrothermal calcite from the Caballo Mountains, area episyenites (whole-rock) show 
enrichment in LREE (<1378 ppm) and elevated HREE (Y<0.19 wt.%) (Long et al., 2010; 
McLemore, 1986; Riggins, 2014; Staatz et al., 1965), with K up to 15.98 wt.% and Na <0.01 
wt.% (Riggins, 2014). This is evidence for the episyenite-forming, carbonatite-derived fluid to be 
enriched in REE, Na, and K, and the separation and migration of this fluid led to lower 
concentrations of these in the melt which would later crystallize the carbonatite. 
 
3.6  Conclusions 
The most common REE pattern in hydrothermal calcite from the Lemitar Mountains was 
an LREE-enriched pattern, accompanied by positive Ce anomalies. The highest REE 
concentrations were in calcite precipitated during the transition from the chloritization/silicic 
alteration event to the carbonatization event. In the Caballo Mountains calcite samples, 
enrichment in HREE was common, accompanied by negative Eu anomalies. HREE variations in 
the Caballo calcite generations document changes in evolutionary stages, such that the highest 
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HREE enrichment corresponds to the transition from the chloritization/silicic alteration stage to 
the carbonatization stage. However, there is still the need for further quantification of 
hydrothermal alteration to understand how different factors produce such different REE 
enrichment patterns. Lower La/Yb in Caballo calcite vs. Lemitar calcite indicates increased REE 
fractionation in Caballo calcite, which is associated with more extensive fluid-rock interaction.  
 A similar fluid history is observed between the Cambrian-Ordovician Lemitar and 
Caballo Mountains, as deduced from geochemistry, calcite textures, and CL investigations. We 
propose two main metasomatic stages which account for the observed alteration and 
mineralization based on these new data. Fluid 1 was likely low pH, oxidizing, and enriched in 
Fe, REE, and P, and was associated with the chloritization, silicic alteration, and REE 
mineralization for both locations. Fluid 2 was characterized was more near neutral to alkaline in 
pH, with enrichments in CO2, Ca, and sometimes F. Fluid 2 appears to correspond to the onset of 
carbonatization and calcite veining stages in both the Lemitar and Caballo Mountains.  
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A fundamental knowledge of the effects of fluid chemistry on metal transport and 
mineralization processes is required to better understand the behavior of REE in natural 
hydrothermal-magmatic ore-forming systems. Chapter 1 presents the first attempt to model the 
partitioning of REE between calcite and fluids in a hydrothermal ore deposit associated to a 
carbonatite and alkaline systems. The simulated REE partitioning model indicates that for a 
system controlled by calcite-fluid equilibria (e.g. in a calcite vein), the main transporting ligands 
for the REE will be the bicarbonate/carbonate complexes in a high CO2 and low salinity system, 
and chloride complexes in a high CO2 and high salinity system. In more alkaline fluids, REE 
hydroxyl complex may start to play an important role for the solubility and transport of the REE 
in high temperature fluids.  
Chapter 2 presents the first experimental REE partitioning data for calcite at 200 °C and 
psat, with varying initial REE concentration. Experiments show the REE to be compatible in 
calcite precipitating from hydrothermal aqueous solutions, and the LREE are preferred over the 
HREE. Increasing the initial concentration of REE in the fluid or decreasing the temperature will 
lead to a decrease in REE partition coefficients. The overall REE partitioning behavior was found 
to follow the lattice strain model at elevated REE concentrations (ppm range), while in systems 
with lower REE concentrations (ppb range), the partitioning of certain REE can be predicted by a 









. The applicability of the predictive model presented in Chapter 2 is currently limited to 
200 °C, but this work highlights the need for future fluid-mineral REE partitioning data to 
improve our capabilities to interpret the trace element signatures of hydrothermal minerals in 
natural systems.   
Chapter 3 shows that the most common REE pattern in hydrothermal calcite from the 
Lemitar Mountains was a steep negative LREE/HREE pattern, while in the Caballo Mountains 
calcite, enrichment is in the HREE relative to LREE. Additionally, all Caballo calcite exhibited 
pronounced negative Eu anomalies. Lower La/Yb in Caballo calcite vs. Lemitar calcite indicates 
increased fractionation of REE in the Caballo calcite. Additionally, we present a new discovery 
of a carbonatite in the Red Hills area of the Caballo Mountains and a corresponding new 
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metasomatic model for alteration and mineralization associated with exsolved carbonatitic fluids. 
Previously, no Cambrian-Ordovician aged alkaline or carbonatitic intrusions had been identified 
in the Caballo Mountains to explain the formation of the episyenite, but similarities to other such 
episyenites pointed to the metasomatic fluid origin having come from an unexposed alkaline or 
carbonatite intrusion. The results of Chapter 3 indicate a similar fluid history for Lemitar and 
Caballo Mountains, as deduced from geochemistry, calcite textures, and CL investigations. 
Within the typical LREE/HREE enrichment observed in the Lemitar Mountains, the oldest 
calcite generation shows the highest REE concentrations. This appears to be associated with the 
chloritization/silicic alteration and REE mineralization stage. Conversely, HREE preferential 
enrichment signatures were observed in the Caballo calcites, and the highest REE concentrations 
were associated with the carbonatization event. Late stage veining yielded less REE enrichment. 
This shows that different types of metasomatism result in different hydrothermal REE signatures 
and highlights the need for further quantification of hydrothermal alteration to understand how 
the different REE enrichment patterns arise. 
The integration of numerical modeling, experiments, and a field study indicates that 
natural chondrite-normalized REE profiles in hydrothermal calcite are variable and appear 
related to different metasomatic alteration stages. The associated fluid chemistry within these 
metasomatic stages along with physicochemical factors--notably salinity, amount of REE and 
CO2, and temperature—are shown in modeling and experimental studies to dictate the 
fractionation and partitioning behavior of the REE at hydrothermal conditions. More 
experimental data gathered at hydrothermal conditions is necessary in order to make more robust 
numerical models and investigate different solid solutions. Additionally, a more exhaustive study 
on gangue hydrothermal calcite from different, hydrothermally altered REE deposits in alkaline 
and carbonatite host rocks is necessary to direct experimental and modeling studies, as well as 
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a-1 2 5.86 4.25E-03 4.25E-03 1.14E-09 8.99E-03 8.99E-03 -1.98E-07 2.66E-02 2.66E-02 -1.14E-06 3.83E-02 3.44E-02 3.88E-03 
a-2 3 5.96 4.17E-03 4.17E-03 -1.01E-08 5.97E-03 5.97E-03 -7.61E-08 2.84E-02 2.84E-02 -1.06E-06 3.96E-02 3.62E-02 3.39E-03 
a-3 4 6.02 3.77E-03 3.77E-03 -7.00E-09 5.03E-03 5.03E-03 -6.26E-08 2.78E-02 2.78E-02 -1.25E-06 3.91E-02 3.48E-02 4.26E-03 
a-4 5 5.99 3.81E-03 3.81E-03 1.77E-08 5.74E-03 5.74E-03 -6.28E-08 2.92E-02 2.92E-02 -1.24E-06 4.02E-02 3.63E-02 3.95E-03 
a-5 7 6.02 3.55E-03 3.55E-03 -1.65E-10 5.47E-03 5.47E-03 -9.41E-08 2.97E-02 2.97E-02 -1.47E-06 4.10E-02 3.62E-02 4.75E-03 
a-6 8 6.07 3.27E-03 3.27E-03 -3.02E-09 4.80E-03 4.80E-03 -7.72E-08 3.04E-02 3.04E-02 -1.49E-06 4.11E-02 3.64E-02 4.72E-03 
b-1 2 5.92 3.23E-03 3.23E-03 5.35E-09 8.73E-03 8.73E-03 -6.88E-07 2.76E-02 2.76E-02 -3.50E-06 4.65E-02 3.34E-02 1.32E-02 
b-2 5 6.06 2.59E-03 2.59E-03 2.86E-10 6.21E-03 6.21E-03 -3.79E-07 3.00E-02 3.00E-02 -3.17E-06 4.54E-02 3.46E-02 1.09E-02 
b-3 6 5.99 2.82E-03 2.82E-03 7.47E-09 7.81E-03 7.81E-03 -4.29E-07 3.15E-02 3.15E-02 -2.78E-06 4.53E-02 3.65E-02 8.86E-03 
b-4 7 6.11 2.48E-03 2.48E-03 5.57E-10 5.08E-03 5.08E-03 -2.91E-07 3.10E-02 3.10E-02 -3.50E-06 4.71E-02 3.54E-02 1.17E-02 
b-5 8 6.19 2.73E-03 2.73E-03 -3.11E-09 3.57E-03 3.57E-03 -7.59E-08 3.43E-02 3.43E-02 -3.00E-06 4.83E-02 3.93E-02 8.99E-03 
b-6 9 6.20 2.57E-03 2.57E-03 -4.65E-10 3.62E-03 3.62E-03 -8.74E-08 3.49E-02 3.49E-02 -2.91E-06 4.81E-02 3.95E-02 8.55E-03 
c-1 2 5.72 3.44E-03 3.44E-03 -6.50E-09 2.10E-02 2.10E-02 -2.02E-06 2.87E-02 2.87E-02 -3.33E-06 4.60E-02 3.45E-02 1.15E-02 
c-2 3 5.89 2.76E-03 2.76E-03 -8.08E-09 1.25E-02 1.25E-02 -1.15E-06 3.06E-02 3.06E-02 -3.62E-06 4.72E-02 3.52E-02 1.20E-02 
c-3 4 5.94 2.85E-03 2.85E-03 -2.11E-09 9.24E-03 9.24E-03 -8.24E-07 2.94E-02 2.94E-02 -3.80E-06 4.77E-02 3.43E-02 1.34E-02 
c-4 5 5.89 2.79E-03 2.79E-03 -3.21E-09 1.26E-02 1.26E-02 -1.04E-06 3.30E-02 3.30E-02 -3.53E-06 4.83E-02 3.76E-02 1.07E-02 
c-5 7 5.93 2.81E-03 2.81E-03 -1.63E-08 1.07E-02 1.07E-02 -9.50E-07 3.24E-02 3.24E-02 -3.87E-06 4.94E-02 3.72E-02 1.22E-02 





























































































































































































Table B.1: Full LA-ICP-MS dataset of hydrothermal calcite from veins in the Lemitar (carbonatite) and Caballo Mountains 
(episyenite-carbonatite), located in New Mexico, USA. All data in ppm.  
                            La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm   Yb    Lu Y        
Lemitar Mountains (carbonatite)            
      
A22B-1 46.61 149.88 19.42 78.38 13.28 5.16 12.05 1.31 6.53 1.10 2.55 0.27 1.84 0.21 43.92 
      
A22B-2 51.63 166.61 21.03 84.94 14.31 5.98 13.94 1.80 10.19 1.77 4.14 0.54 3.45 0.44 68.40       
A22B-3 19.10 32.71 3.35 11.26 1.00 0.33 0.43 0.05 0.24 0.03 0.07 0.01 0.07 0.01 1.20       
A22B-4 124.24 260.50 28.28 97.94 13.37 6.87 9.26 0.79 3.50 0.49 1.12 0.13 0.70 0.10 21.03       
A22B-5 272.54 397.43 36.72 116.32 8.91 2.93 3.71 0.29 1.13 0.17 0.49 0.05 0.26 0.04 4.55       
A22B-6 1.34 4.64 0.68 2.87 0.45 0.19 0.42 0.05 0.25 0.05 0.13 0.01 0.11 0.01 1.69       
A22B-7 54.10 172.36 21.46 82.96 13.30 5.85 12.08 1.49 8.57 1.55 3.89 0.47 3.20 0.43 58.92       
A22B-8 56.89 90.23 10.90 47.84 10.95 4.50 14.32 1.55 7.82 1.25 2.57 0.23 1.03 0.12 57.73       
A22B-9 1.24 2.83 0.44 2.28 0.74 0.26 0.82 0.09 0.45 0.06 0.15 0.01 0.06 0.01 2.84       
A22B-10 5.42 12.92 1.88 9.37 3.41 1.30 5.46 0.74 3.78 0.69 1.62 0.16 0.80 0.13 31.40       
A22B-11 108.33 174.95 16.72 53.12 6.84 4.30 4.12 0.41 1.88 0.26 0.62 0.08 0.45 0.07 11.48       
A22B-12 14.52 47.37 5.56 20.70 2.30 0.56 1.26 0.10 0.63 0.08 0.21 0.03 0.10 0.02 3.55       
A22B-13 75.25 197.27 22.56 83.70 11.37 4.85 9.45 1.13 5.73 1.03 2.49 0.29 1.87 0.23 41.48       
A22B-14 0.21 0.75 0.11 0.45 0.14 0.02 0.06 0.01 0.08 0.00 0.04 0.01 0.02 0.01 0.48       
A22B-15 0.38 1.17 0.17 0.65 0.12 0.04 0.12 0.01 0.08 0.02 0.03 0.00 0.03 0.01 0.57       
A22B-16 69.25 200.06 24.46 92.52 13.82 5.61 11.18 1.36 6.90 1.19 2.70 0.34 2.14 0.30 50.85       
A22B-17 1.76 5.30 0.73 3.05 0.49 0.21 0.42 0.04 0.27 0.04 0.11 0.02 0.13 0.01 1.93       
A22B-18 1.20 3.59 0.53 2.10 0.40 0.14 0.37 0.05 0.22 0.04 0.11 0.02 0.09 0.02 1.76       
A22B-19 128.36 203.12 17.97 55.08 5.03 1.53 3.26 0.30 1.43 0.24 0.55 0.06 0.34 0.04 10.57       
A22B-20 52.43 121.96 13.81 50.28 6.55 1.99 4.73 0.44 2.04 0.33 0.77 0.09 0.52 0.07 14.32       
A22B-21 139.18 283.37 29.06 94.72 10.05 2.59 5.90 0.49 2.15 0.32 0.74 0.08 0.45 0.06 14.25       
A22B-22 103.51 151.86 17.65 74.92 13.64 4.55 14.60 1.34 6.39 1.00 2.05 0.19 0.86 0.10 44.47       
A22B-23 64.56 178.93 20.52 75.78 10.84 4.61 9.11 1.08 5.75 0.95 2.31 0.28 1.75 0.23 40.60       
A22B-24 82.31 205.42 22.53 78.85 10.85 3.81 7.87 0.80 3.80 0.60 1.32 0.14 0.93 0.11 26.43       
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A22B-25 2.19 6.92 0.95 5.68 1.24 0.30 0.98 0.11 0.60 0.09 0.23 0.03 0.11 0.02 2.85       
A22B-26 119.81 223.89 28.69 127.10 22.21 5.39 17.88 1.84 9.00 1.66 4.36 0.42 3.15 0.42 47.22       
                           La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y       
Lemitar Mountains (carbonatite)                   
A22B-27 260.97 503.96 63.79 271.37 46.52 12.14 40.54 4.39 22.96 4.31 10.36 1.14 6.86 0.79 138.10       
A22B-28 59.34 128.53 17.09 79.25 17.88 4.85 17.71 2.08 10.81 2.06 5.23 0.68 4.36 0.59 66.42       
A22B-29 0.19 0.43 0.06 0.47 0.07 0.03 0.18 0.03 0.09 0.01 0.05 0.01 0.05 0.00 0.89       
A22B-30 9.62 19.29 2.78 12.27 3.49 1.13 4.95 0.63 3.47 0.63 1.35 0.15 0.82 0.10 25.62       
A22B-32 12.91 34.97 5.53 25.85 7.57 2.45 9.19 1.18 5.41 0.89 2.02 0.22 1.19 0.16 30.85       
A22B-33 0.41 1.04 0.13 0.54 0.08 0.03 0.08 0.02 0.11 0.02 0.06 0.00 0.03 0.01 0.66       
A22B-34 19.16 40.48 4.66 16.40 3.06 0.87 2.58 0.28 1.34 0.22 0.48 0.05 0.37 0.06 7.12       
A22B-35 1.25 3.49 0.45 1.88 0.51 0.21 0.74 0.10 0.29 0.05 0.10 0.01 0.06 0.01 1.92       
A22B-36 62.92 158.91 18.51 68.08 11.84 3.26 9.48 1.07 5.59 0.91 2.00 0.25 1.65 0.22 32.83       
A22B-37 21.95 64.59 10.29 48.72 18.43 5.43 23.09 3.14 16.65 2.71 5.55 0.65 3.39 0.44 86.30       
A22B-38 34.98 90.50 12.34 55.27 14.25 3.94 14.81 1.92 10.29 1.75 4.25 0.42 2.30 0.32 57.60       
A22B-39 79.82 185.99 23.76 98.11 19.78 4.90 17.77 2.13 10.53 1.71 4.12 0.37 2.08 0.30 61.64       
A22B-40 22.98 67.93 10.37 48.23 15.60 4.88 18.04 2.04 10.62 1.67 3.41 0.37 1.93 0.21 64.21       
A22B-41 19.74 58.48 9.11 44.82 14.53 4.19 17.67 2.07 9.88 1.59 3.51 0.34 1.85 0.19 55.92       
A22B-42 122.56 187.05 16.89 52.04 4.61 0.98 3.21 0.32 1.70 0.26 0.86 0.10 0.74 0.09 10.11       
A22B-43 123.55 246.93 26.59 90.79 7.83 1.42 2.84 0.15 0.66 0.08 0.16 0.01 0.05 0.01 2.66       
A22B-44 2.26 5.91 0.77 3.58 0.95 0.27 1.01 0.10 0.47 0.08 0.14 0.02 0.05 0.01 2.45       
A22B-45 8.44 20.37 2.39 8.86 1.19 0.34 0.85 0.09 0.38 0.06 0.12 0.02 0.09 0.01 2.58       
A22B-46 54.57 123.60 13.35 45.02 5.20 1.29 3.24 0.29 1.31 0.20 0.42 0.04 0.21 0.03 8.69       
A22B-47 24.94 58.74 8.31 39.72 11.74 3.91 16.70 2.15 12.49 2.25 5.61 0.57 3.86 0.54 90.45       
A22B-48 19.52 41.41 5.12 20.41 3.47 0.90 3.08 0.27 1.23 0.19 0.44 0.04 0.28 0.04 6.79       
A22B-49 0.82 3.07 0.45 2.02 0.55 0.16 0.59 0.08 0.40 0.07 0.17 0.02 0.16 0.02 2.44       
A22B-50 1.24 4.15 0.62 2.69 0.71 0.19 0.65 0.08 0.47 0.07 0.18 0.02 0.14 0.03 2.74       
A22B-51 1.87 6.26 0.87 3.73 0.93 0.26 0.91 0.11 0.56 0.09 0.21 0.02 0.17 0.02 3.57       
A22B-52 1.25 3.49 0.45 1.88 0.51 0.21 0.74 0.10 0.29 0.05 0.10 0.01 0.06 0.01 1.92       
A22B-53 62.92 158.91 18.51 68.08 11.84 3.26 9.48 1.07 5.59 0.91 2.00 0.25 1.65 0.22 32.83       
A22B-54 21.95 64.59 10.29 48.72 18.43 5.43 23.09 3.14 16.65 2.71 5.55 0.65 3.39 0.44 86.30       
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A22B-55 24.64 70.95 11.46 54.17 19.96 6.00 25.96 3.53 18.33 2.90 5.98 0.70 3.65 0.45 96.53       
A22B-56 34.98 90.50 12.34 55.27 14.25 3.94 14.81 1.92 10.29 1.75 4.25 0.42 2.30 0.32 57.60       
A22C-1 51.88 91.41 9.87 34.41 5.46 2.39 4.52 0.46 2.32 0.38 0.86 0.10 0.61 0.08 11.77       
                           La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y       
Lemitar Mountains (carbonatite)                   
A22C-2 21.49 41.32 4.64 16.67 3.06 1.35 2.77 0.31 1.53 0.25 0.59 0.07 0.46 0.06 7.88       
A22C-3 6.85 15.37 1.89 7.15 1.73 0.65 1.89 0.25 1.37 0.23 0.63 0.07 0.59 0.10 5.77       
A22C-4 10.62 25.19 3.08 11.69 2.50 0.87 2.41 0.31 1.69 0.29 0.76 0.10 0.82 0.13 7.58       
A22C-5 83.57 140.00 14.26 47.35 6.48 1.96 4.50 0.46 2.24 0.36 0.90 0.11 0.78 0.12 10.33       
A22C-6 85.63 131.92 12.19 35.69 3.37 0.79 1.89 0.18 0.82 0.14 0.38 0.05 0.37 0.06 3.60       
A22C-7 87.60 141.84 13.83 43.65 5.17 1.37 3.30 0.33 1.52 0.26 0.62 0.08 0.56 0.09 7.13       
A22C-8 20.04 43.24 5.14 19.15 3.99 1.29 3.08 0.38 1.95 0.31 0.77 0.10 0.69 0.11 9.48       
A22C-9 1.83 3.44 0.43 1.88 0.38 0.12 0.31 0.04 0.17 0.03 0.11 0.01 0.09 0.01 0.98       
A22C-10 14.21 40.00 5.46 21.54 5.19 1.83 4.98 0.56 2.75 0.43 1.25 0.15 1.02 0.16 14.22       
A22C-11 17.65 45.78 5.86 24.49 5.70 1.83 4.87 0.60 2.72 0.42 1.12 0.13 0.97 0.16 13.43       
A22C-12 10.32 29.27 3.98 17.05 4.36 1.40 3.54 0.43 2.28 0.40 0.95 0.13 0.85 0.14 11.50       
A22C-13 38.33 69.37 7.27 24.34 3.89 1.29 3.06 0.34 1.68 0.26 0.64 0.08 0.53 0.08 7.34       
A22C-14 8.80 18.07 2.04 7.47 1.37 0.49 1.16 0.12 0.57 0.09 0.22 0.03 0.19 0.03 2.75       
A22C-15 73.45 116.87 11.41 36.67 4.18 1.31 2.68 0.26 1.20 0.19 0.48 0.06 0.40 0.06 5.44       
A22C-16 4.31 8.92 0.92 3.47 0.67 0.31 0.63 0.06 0.33 0.07 0.20 0.02 0.23 0.02 2.20       
A22C-17 161.17 256.21 24.76 82.58 9.89 5.11 7.88 0.80 3.64 0.65 1.56 0.17 0.82 0.13 26.43       
A22C-18 270.42 432.74 43.78 153.78 17.36 5.42 10.79 0.91 4.39 0.66 1.64 0.19 1.01 0.13 24.39       
A22C-19 2.55 5.89 0.70 2.78 0.69 0.26 0.90 0.07 0.45 0.06 0.20 0.02 0.13 0.02 2.63       
A22C-20 18.20 44.62 5.50 22.08 4.81 1.99 4.34 0.52 2.23 0.35 0.90 0.08 0.55 0.08 14.52       
A22C-21 9.45 22.51 2.47 8.88 1.63 0.64 1.48 0.17 0.88 0.16 0.39 0.05 0.28 0.04 4.85       
A22C-22 1.40 3.07 0.38 1.78 0.44 0.20 0.52 0.06 0.32 0.05 0.16 0.02 0.12 0.01 2.02       
A22C-23 9.01 20.76 2.51 10.55 2.33 1.00 2.30 0.27 1.31 0.23 0.49 0.06 0.34 0.05 7.84       
A22C-24 354.86 561.15 51.70 160.00 14.16 3.15 8.56 0.67 3.24 0.62 1.53 0.20 1.33 0.19 18.90       
A22C-25 16.06 47.75 6.02 24.03 5.06 1.44 3.85 0.41 1.72 0.31 0.73 0.09 0.60 0.11 10.96       
A22C-26 34.43 60.44 5.83 19.37 3.10 0.94 2.51 0.26 1.36 0.24 0.54 0.07 0.42 0.08 6.79       
A22C-27 57.46 151.99 18.30 66.01 11.89 3.85 8.34 0.65 2.93 0.47 1.03 0.15 0.99 0.15 18.24       
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A22C-28 0.10 0.38 0.06 0.29 0.13 0.07 0.13 0.01 0.14 0.03 0.07 0.01 0.11 0.01 0.70       
A22C-29 9.86 24.38 2.91 11.43 2.22 1.00 1.92 0.21 1.10 0.19 0.48 0.06 0.41 0.07 6.74       
A22C-30 8.44 19.06 3.07 13.14 3.81 1.72 4.99 0.61 3.31 0.56 1.38 0.14 0.77 0.12 23.85       
A22C-31 7.22 22.70 2.58 11.02 3.40 1.59 4.47 0.56 3.51 0.63 1.58 0.14 0.82 0.12 25.97       
                           La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y       
Lemitar Mountains (carbonatite)                   
A22C-32 3.86 6.52 1.46 6.61 1.97 1.06 2.85 0.36 1.73 0.30 0.77 0.07 0.45 0.07 12.77       
A22C-33 15.35 36.63 4.50 17.39 3.42 1.42 2.99 0.36 1.73 0.26 0.74 0.09 0.67 0.09 11.49       
A22C-34 0.67 1.75 0.22 1.24 0.29 0.17 0.32 0.03 0.27 0.04 0.10 0.01 0.13 0.03 1.60       
A22C-35 0.11 0.36 0.07 0.31 0.09 0.06 0.13 0.01 0.08 0.01 0.04 0.01 0.05 0.01 0.53       
A22C-36 1.20 3.36 0.48 2.01 0.61 0.23 0.74 0.09 0.44 0.08 0.18 0.02 0.15 0.02 2.46       
A22C-37 182.74 378.25 42.12 149.03 27.46 7.87 20.93 2.15 9.43 1.42 3.27 0.39 2.54 0.36 56.08       
A22C-38 6.25 14.35 1.71 6.49 1.22 0.45 1.13 0.12 0.61 0.11 0.26 0.03 0.21 0.03 3.78       
A22C-39 0.25 1.08 0.20 1.07 0.38 0.15 0.44 0.06 0.31 0.05 0.16 0.02 0.13 0.02 1.82       
A22C-40 0.91 2.31 0.32 1.42 0.38 0.18 0.49 0.06 0.32 0.06 0.15 0.02 0.13 0.02 1.90       
A22C-41 60.77 130.93 15.18 55.55 10.37 2.65 7.84 0.76 3.11 0.43 0.86 0.10 0.57 0.08 12.09       
A22C-42 70.17 169.69 20.52 77.45 16.13 4.19 12.24 1.20 4.94 0.67 1.38 0.15 0.84 0.11 19.48       
A22C-43 5.96 11.77 1.51 6.42 0.67 0.16 0.38 0.03 0.18 0.03 0.11 0.01 0.06 0.01 3.05       
A22C-44 7.22 7.89 0.65 2.34 0.14 0.03 0.11 0.02 0.09 0.01 0.04 0.01 0.02 0.00 4.16       
A22C-45 8.49 15.18 1.90 8.13 0.72 0.18 0.56 0.04 0.16 0.03 0.05 0.01 0.02 0.00 3.04       
A22C-46 32.42 54.97 6.37 24.30 4.14 2.50 3.41 0.36 1.88 0.30 0.70 0.08 0.44 0.07 9.17       
A22C-47 43.78 73.65 8.06 29.29 4.56 2.45 3.56 0.38 1.87 0.29 0.69 0.07 0.49 0.07 8.76       
A22C-48 47.57 101.06 11.83 44.90 8.71 3.06 7.21 0.86 4.17 0.66 1.55 0.18 1.09 0.15 17.94       
A22C-49 74.83 143.10 16.01 58.62 10.29 4.10 8.19 0.94 4.37 0.67 1.57 0.17 1.21 0.16 18.82       
B21-1 14.97 14.78 3.65 20.90 6.19 3.72 10.38 1.14 6.73 1.34 3.23 0.27 1.39 0.21 63.44       
B21-2 9.08 6.86 2.08 10.34 2.62 1.38 3.93 0.50 3.02 0.68 1.88 0.22 1.40 0.23 34.87       
B21-3 153.67 0.58 40.60 202.77 43.22 22.93 43.39 4.34 20.81 3.54 7.58 0.66 3.34 0.50 133.09       
B21-4 47.10 0.02 12.19 61.13 13.62 7.81 15.35 1.58 8.02 1.44 3.11 0.27 1.37 0.20 59.60       
B21-5 147.50 19.20 21.66 112.51 23.47 15.07 36.63 3.79 22.10 4.51 11.20 1.03 5.69 0.89 222.77       
B21-6 73.68 1.09 8.35 45.41 11.94 8.14 23.56 2.59 14.57 2.88 6.46 0.60 2.83 0.47 137.76       
B21-7 151.65 1.25 31.08 180.77 40.81 26.80 67.18 7.29 44.81 9.64 23.83 2.26 11.03 1.88 485.71       
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B21-8 47.05 97.03 10.31 51.02 15.15 7.98 21.98 2.80 15.74 2.89 6.79 0.63 3.53 0.52 99.04       
B21-9 85.06 0.95 20.29 107.33 20.03 10.19 23.19 2.31 12.12 2.26 5.75 0.57 3.04 0.52 104.31       
B21-10 8.16 1.66 1.18 5.39 1.14 0.64 1.69 0.24 1.73 0.36 0.90 0.09 0.59 0.09 17.26       
B21-11 9.54 0.01 2.35 11.04 2.36 1.17 3.01 0.33 1.69 0.34 0.77 0.08 0.54 0.07 16.01       
B21-12 11.58 0.01 2.16 10.75 1.88 1.04 2.32 0.27 1.44 0.32 0.79 0.08 0.52 0.09 14.84       
                           La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y       
Lemitar Mountains (carbonatite)                   
B21-13 3.27 0.20 0.60 3.24 0.74 0.40 1.03 0.11 0.67 0.13 0.36 0.04 0.24 0.04 7.77       
B21-14 95.43 52.78 16.51 83.37 17.42 9.19 24.91 3.09 18.37 3.97 10.27 1.05 5.59 0.94 202.95       
B21-15 253.07 1.34 51.61 271.62 45.64 25.66 63.08 5.96 33.50 6.71 15.58 1.49 7.29 1.20 331.10       
B21-16 114.50 9.82 22.65 111.68 21.02 12.23 34.02 3.53 18.83 3.71 8.18 0.69 3.38 0.53 179.16       
B21-17 139.73 73.27 27.64 134.66 24.94 10.15 30.74 3.65 21.90 4.64 14.51 1.98 15.05 2.64 130.62       
B21-18 36.52 2.10 11.26 67.36 22.37 14.27 41.94 4.58 24.23 4.51 9.80 0.90 5.17 0.86 171.91       
B21-19 219.77 2.47 41.91 185.35 26.60 11.04 27.20 2.51 12.95 2.41 5.81 0.55 2.88 0.52 102.42       
B21-20 34.42 15.38 9.66 52.76 12.36 6.67 17.42 2.13 12.11 2.54 6.61 0.73 4.40 0.64 87.74       
B21-21 27.90 20.18 5.16 27.11 6.24 3.81 10.00 1.14 7.75 1.72 4.42 0.46 2.71 0.45 92.72       
B21-22 99.71 8.12 16.45 85.93 16.58 10.02 27.01 3.28 21.89 4.73 12.80 1.25 6.64 1.13 248.32       
B21-23 26.54 4.72 4.04 23.06 5.19 3.55 11.08 1.53 11.53 2.96 8.91 0.95 4.70 0.82 213.48       
B21-24 1.66 4.13 0.29 1.66 0.51 0.20 0.69 0.13 0.69 0.15 0.48 0.05 0.25 0.05 10.42       
B21-25 5.79 1.27 0.67 3.30 0.72 0.52 1.61 0.21 1.75 0.50 1.47 0.17 0.90 0.15 35.85       
B21-26 7.32 3.92 0.91 5.17 1.16 0.87 2.37 0.37 2.56 0.66 1.79 0.21 1.11 0.18 46.13       
B21-27 12.02 0.34 2.51 15.73 3.78 2.80 7.54 0.92 5.79 1.33 3.27 0.30 1.52 0.26 80.14       
B21-28 19.44 0.01 2.08 10.75 1.78 1.08 2.95 0.41 2.93 0.77 2.04 0.22 1.21 0.21 46.91       
B21-29 282.17 0.44 29.37 146.17 30.55 18.59 41.70 4.15 21.54 3.82 8.51 0.75 3.54 0.60 154.60       
B21-30 18.56 42.42 7.18 39.85 11.57 6.37 18.49 3.04 22.81 5.30 15.88 1.94 11.77 1.85 184.20       
B21-31 20.34 30.02 4.20 21.34 4.31 2.35 7.59 1.22 9.72 2.54 7.76 0.94 5.48 0.90 106.02       
B21-32 7.68 0.00 1.77 8.87 1.85 0.96 2.15 0.23 1.11 0.22 0.51 0.05 0.27 0.04 12.47       
B21-33 0.79 0.00 0.11 0.55 0.12 0.07 0.16 0.02 0.18 0.05 0.15 0.02 0.11 0.02 3.81       
B21-34 31.99 0.06 7.32 41.64 9.86 7.09 15.82 1.67 9.32 1.70 4.19 0.41 1.98 0.31 79.92       
B21-35 45.51 1.48 3.43 17.64 4.65 3.07 8.64 0.94 5.18 1.15 2.63 0.23 1.07 0.15 67.74       
B21-36 10.26 0.86 3.04 19.45 6.91 4.06 10.83 1.20 7.12 1.31 3.36 0.34 1.96 0.33 70.08       
! 110 
Table B.1 Continued                   
B21-37 30.02 5.90 11.52 67.17 15.60 8.74 20.95 2.34 12.63 2.49 5.55 0.54 2.90 0.44 106.85       
B21-38 57.65 0.05 12.07 66.02 13.95 7.78 20.15 2.29 13.46 2.90 7.61 0.80 4.54 0.75 132.56       
B21-39 91.23 0.20 20.62 107.64 21.81 11.83 28.32 3.17 17.87 3.79 9.23 0.93 5.30 0.91 159.20       
B21-40 98.83 0.08 22.96 119.44 24.15 12.62 30.44 3.39 18.28 3.70 9.11 0.97 4.96 0.81 156.83       
B21-41 45.73 0.00 11.91 61.95 12.91 6.92 17.97 1.91 10.15 2.05 5.02 0.47 2.45 0.43 90.80       
B21-42 14.38 0.19 4.51 23.37 5.21 2.54 5.65 0.63 3.78 0.78 1.82 0.18 0.97 0.17 38.61       
                            La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y       
Lemitar Mountains (carbonatite)                   
B21-43 12.87 1.36 3.50 23.83 8.30 5.61 16.43 1.79 10.52 2.03 4.64 0.38 1.54 0.24 98.42       
B21-44 1.08 0.17 0.36 2.12 0.84 0.57 1.94 0.36 2.65 0.69 2.19 0.25 1.41 0.26 34.65       
B21-45 0.62 0.46 0.21 1.23 0.37 0.33 0.85 0.15 1.37 0.35 1.09 0.13 0.76 0.13 18.33       
B21-46 0.27 0.37 0.11 0.58 0.19 0.09 0.34 0.04 0.45 0.08 0.29 0.03 0.21 0.04 4.70       
B21-47 0.75 0.78 0.22 1.28 0.58 0.46 1.50 0.24 2.02 0.43 1.13 0.13 0.78 0.11 17.21       
B21-48 0.95 0.20 0.46 2.51 0.90 0.48 1.13 0.20 1.63 0.36 1.17 0.13 0.81 0.11 17.39       
B21-49 24.26 4.35 6.73 36.40 10.97 6.93 18.60 2.66 18.04 3.89 10.65 1.15 6.13 1.04 161.08       
B21-50 2.84 0.24 1.01 5.93 1.83 1.09 3.32 0.53 3.94 0.93 3.23 0.39 2.12 0.38 53.40       
B21-51 29.48 6.91 14.89 95.07 26.62 15.42 37.70 5.36 35.18 8.15 22.23 2.46 13.65 2.11 319.39       
B21-52 4.22 0.97 1.80 12.52 3.96 2.47 7.60 1.21 10.14 2.76 8.35 1.02 5.70 0.95 139.74       
B21-53 0.59 0.01 0.20 1.18 0.54 0.40 1.30 0.21 2.20 0.68 2.56 0.28 1.85 0.32 52.31       
Caballo Mountains (episyenite-carbonatite) 
BC-1 0.51 1.76 0.35 2.51 5.43 1.40 19.70 6.87 49.51 8.90 21.77 2.41 14.10 2.00 120.77       
BC-2 21.55 52.72 6.89 33.03 20.63 3.69 40.41 12.58 99.70 22.55 71.43 10.20 61.08 7.42 334.84       
BC-3 6.25 12.46 1.60 6.49 2.55 0.46 4.71 1.29 9.56 1.98 6.47 1.10 8.91 1.29 44.38       
BC-4 9.81 25.37 3.14 13.02 4.71 0.76 7.86 1.99 15.19 3.31 11.05 1.78 12.99 1.90 76.50       
BC-5 6.92 17.66 2.13 8.95 4.01 0.59 6.73 1.58 12.43 2.51 7.62 1.17 8.25 1.20 58.15       
BC-6 5.10 13.40 1.60 7.04 2.61 0.40 5.00 1.13 8.31 1.68 5.33 0.80 5.83 0.80 37.73       
BC-7 4.37 11.28 1.28 5.24 2.30 0.33 3.71 0.94 6.77 1.36 3.99 0.62 4.19 0.63 31.54       
BC-8 3.07 8.07 1.02 4.22 1.84 0.33 3.41 0.90 6.78 1.43 4.63 0.76 5.37 0.82 32.72       
BC-9 8.47 21.43 2.52 11.04 4.41 0.64 6.73 1.58 12.01 2.33 7.61 1.17 8.66 1.29 57.52       
BC-10 12.47 32.52 4.04 16.62 7.01 1.07 11.03 2.61 19.14 3.86 11.96 1.79 12.45 1.74 90.85       
BC-11 7.33 19.55 2.34 9.56 4.47 0.67 7.54 1.92 13.74 2.71 8.96 1.39 11.69 1.75 55.45       
! 111 
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BC-12 10.95 27.27 3.18 12.37 4.47 0.61 6.93 2.07 16.99 3.84 14.09 2.46 19.46 2.85 80.48       
BC-13 1.53 4.10 0.64 3.48 2.28 0.43 5.10 1.22 9.29 1.90 5.48 0.71 4.41 0.54 48.74       
BC-14 5.78 14.87 1.82 7.60 3.21 0.55 5.63 1.42 10.56 2.22 7.10 1.10 7.88 1.09 49.12       
BC-15 2.26 5.14 0.64 2.87 1.96 0.41 5.02 1.85 15.95 3.39 10.97 1.67 11.40 1.54 54.77       
BC-16 2.59 6.38 0.88 3.97 2.67 0.51 5.85 1.71 12.55 2.47 7.43 1.02 7.05 0.94 45.86       
BC-17 2.02 4.66 0.59 2.52 1.31 0.27 3.03 1.00 8.32 1.79 5.67 0.89 6.47 0.90 26.46       
BC-18 1.88 4.50 0.60 2.79 2.07 0.42 4.92 1.84 15.36 3.32 10.78 1.63 11.39 1.52 53.76       
                            La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y       
Caballo Mountains (episyenite-carbonatite)                
BC-29 0.31 0.80 0.13 0.88 1.18 0.39 4.76 1.95 17.36 3.85 11.89 1.69 10.85 1.62 43.79       
BC-30 4.41 13.61 1.87 8.44 4.16 0.75 8.81 2.05 15.30 3.07 9.32 1.26 8.37 1.16 77.44       
BC-31 7.31 17.25 2.25 9.48 3.81 0.56 5.88 1.29 9.09 1.68 4.91 0.69 4.58 0.62 27.88       
BC-32 4.16 12.00 1.60 7.33 3.53 0.60 6.52 1.72 13.89 2.96 9.26 1.38 10.20 1.50 58.29       
BC-33 2.09 6.30 0.85 4.34 1.99 0.32 3.77 0.70 4.58 0.83 2.33 0.27 1.69 0.22 27.98       
BC-34 4.76 12.05 1.58 5.96 2.45 0.50 5.35 1.34 9.81 1.98 5.95 0.88 6.48 0.89 38.02       
BC-35 5.46 13.28 1.62 7.04 2.85 0.49 5.48 1.33 10.03 2.06 6.38 1.02 7.71 1.11 42.96       
BC-36 3.23 10.19 1.45 6.42 2.89 0.48 5.20 1.20 8.94 1.74 5.75 0.82 6.21 0.90 42.07       
BC-37 6.28 18.55 2.36 10.68 4.26 0.68 7.73 1.74 12.24 2.48 7.46 1.06 7.69 1.04 65.98       
BC-38 0.26 0.72 0.15 0.86 1.13 0.40 4.07 1.84 15.94 3.52 10.62 1.39 9.31 1.32 36.22       
BC-39 4.35 11.85 1.54 6.84 2.87 0.51 5.03 1.13 8.30 1.70 5.08 0.69 4.78 0.65 45.11       
BC-40 6.11 18.45 2.48 11.24 4.67 0.77 8.65 1.94 14.53 2.90 8.89 1.20 8.03 1.05 81.73       
BC-41 6.31 15.81 1.82 7.07 2.88 0.46 4.76 1.24 9.18 1.91 6.34 1.06 8.97 1.36 34.52       
BC-42 6.92 17.26 2.07 8.46 3.50 0.57 6.08 1.57 11.25 2.27 7.07 1.13 9.00 1.31 47.35       
BC-43 1.28 3.79 0.53 2.53 1.40 0.25 2.81 0.71 5.36 1.12 3.40 0.51 3.88 0.60 21.07       
BC-44 3.25 8.33 1.15 5.58 2.84 0.50 5.79 1.47 10.65 2.24 6.67 0.91 6.12 0.81 48.37       
BC-45 5.49 13.94 1.73 6.99 3.34 0.58 6.08 1.57 11.82 2.35 7.37 1.13 8.47 1.20 50.21       
BC-46 0.20 0.63 0.09 0.41 0.13 0.03 0.42 0.10 0.83 0.18 0.64 0.10 0.78 0.13 4.08       
BC-47 0.12 0.35 0.04 0.22 0.12 0.02 0.22 0.06 0.52 0.13 0.41 0.06 0.50 0.09 2.30       
C2-1 0.24 0.68 0.12 0.55 0.26 0.06 0.83 0.28 2.72 0.67 2.34 0.47 4.25 0.67 12.00       
C2-2 5.99 14.67 1.75 7.94 3.46 0.57 5.74 1.39 10.44 2.18 6.05 0.85 5.78 0.76 53.20       
C2-3 5.75 13.91 1.67 6.78 2.55 0.41 4.89 1.23 9.44 2.08 6.00 0.85 6.53 0.86 45.86       
! 112 
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C2-4 7.23 14.78 1.56 4.77 1.38 0.17 2.13 0.53 4.18 0.83 2.57 0.42 3.34 0.41 14.42       
C2-5 1.22 2.70 0.29 1.03 0.57 0.09 1.12 0.37 2.71 0.67 2.13 0.39 3.41 0.56 11.17       
C2-6 0.53 1.27 0.12 0.38 0.14 0.04 0.46 0.09 0.98 0.21 0.74 0.14 1.07 0.17 3.95       
C2-7 30.86 69.19 8.33 36.98 14.44 2.36 27.85 7.61 60.81 13.20 40.05 5.32 29.85 3.65 282.86       
C2-8 3.84 7.74 0.81 3.33 0.85 0.14 1.19 0.36 2.66 0.55 1.92 0.30 2.15 0.35 12.14       
C2-9 0.10 0.25 0.04 0.12 0.15 0.01 0.21 0.04 0.52 0.11 0.34 0.08 0.52 0.09 2.08       
C2-10 0.31 0.79 0.10 0.39 0.20 0.03 0.52 0.15 1.40 0.28 0.94 0.17 1.70 0.24 5.63       
C2-11 1.63 0.08 0.36 1.35 0.44 0.06 0.74 0.14 1.08 0.26 0.68 0.09 0.61 0.09 7.01       
                            La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y       
Caballo Mountains (episyenite-carbonatite)               
C2-12 7.37 3.58 2.04 7.96 2.36 0.34 3.11 0.71 5.43 1.21 3.43 0.44 3.01 0.40 29.17       
C2-13 3.81 9.44 1.11 4.57 1.95 0.32 3.35 0.70 5.58 1.10 3.40 0.52 3.75 0.54 26.53       
C2-14 4.78 10.19 0.99 2.85 0.80 0.11 1.09 0.30 2.44 0.51 1.79 0.33 2.90 0.44 9.58       
C2-15 6.06 13.92 1.63 5.76 2.10 0.32 3.41 0.95 7.34 1.53 5.05 0.74 5.28 0.75 29.16       
C2-16 4.53 10.33 1.22 4.69 1.74 0.23 2.73 0.67 5.05 1.01 3.20 0.47 3.41 0.50 18.56       
C2-17 12.21 27.53 3.19 12.10 3.47 0.51 5.08 1.20 8.76 1.78 5.15 0.78 5.60 0.76 30.71       
C2-18 10.34 23.08 2.55 9.34 2.94 0.42 4.44 1.03 7.71 1.51 4.82 0.70 5.53 0.78 27.88       
C2-19 9.48 21.79 2.57 10.36 3.97 0.59 6.53 1.57 11.65 2.41 7.52 1.19 9.12 1.27 46.57       
C2-20 8.68 20.60 2.42 9.94 4.17 0.56 6.59 1.73 12.47 2.42 7.48 1.10 8.11 1.11 41.35       
C2-21 27.79 6.10 6.69 26.93 7.53 1.06 10.83 2.17 15.61 3.20 9.48 1.19 7.71 1.05 86.41       
C2-22 32.86 2.63 9.92 38.39 10.75 1.58 14.76 3.06 20.14 3.93 10.81 1.42 8.65 1.10 82.75       
C2-23 2.58 5.45 0.61 2.40 0.72 0.12 1.55 0.37 3.11 0.73 2.31 0.36 2.43 0.36 13.88       
C2-24 0.89 2.01 0.23 0.72 0.25 0.04 0.45 0.12 0.81 0.18 0.58 0.09 0.69 0.08 4.04       
C2-25 1.73 3.89 0.43 1.63 0.55 0.08 0.84 0.22 1.71 0.37 1.24 0.19 1.67 0.23 7.42       
C2-26 10.09 26.96 3.60 14.46 6.15 1.02 10.16 2.55 18.72 3.82 11.53 1.73 11.68 1.53 67.66       
C2-27 3.42 7.14 0.85 3.15 1.40 0.26 2.71 0.63 4.83 0.90 2.72 0.40 3.16 0.47 15.98       
C2-28 2.47 5.08 0.55 1.90 0.64 0.11 1.24 0.32 2.76 0.67 2.35 0.38 3.30 0.54 10.82       
C2-29 8.06 19.46 2.50 10.71 3.54 0.60 6.12 1.38 10.07 1.99 6.07 0.84 6.26 0.83 35.21       
C2-30 9.10 21.28 2.79 12.11 3.80 0.51 5.68 1.27 9.20 1.81 5.54 0.72 4.29 0.54 42.59       
C2-31 5.78 16.30 2.22 10.11 4.16 0.74 8.11 1.88 14.01 2.84 8.87 1.23 7.86 0.98 71.71       
C2-32 5.38 14.14 1.80 8.36 3.44 0.56 5.76 1.27 9.40 1.90 5.60 0.80 5.17 0.74 43.95       
! 113 
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C2-33 6.14 13.29 1.78 7.05 2.87 0.46 4.46 1.21 8.85 1.91 6.12 0.96 6.93 0.99 29.77       
C2-34 6.09 14.22 1.62 7.62 3.37 0.58 5.98 1.57 11.95 2.54 8.10 1.26 8.62 1.24 44.55       
C2-35 6.57 17.79 2.27 10.57 4.64 0.76 8.91 1.98 15.02 3.14 9.26 1.37 9.45 1.33 64.61       
C2-36 7.71 20.89 2.73 10.82 4.64 0.63 7.38 1.85 14.26 3.02 9.85 1.54 11.67 1.67 58.99       
C2-37 18.21 49.62 6.42 27.02 9.84 1.84 17.28 4.06 30.68 6.24 18.83 2.76 18.44 2.42 131.62       
C2-38 4.71 11.65 1.46 6.38 2.80 0.43 5.21 1.52 11.33 2.37 8.00 1.30 10.15 1.38 38.19       
C2-39 16.07 42.48 5.38 23.05 8.69 1.38 14.79 3.58 27.66 5.39 17.96 2.83 21.63 3.09 111.00       
C2-40 5.21 13.77 1.77 6.87 3.09 0.47 5.43 1.29 9.91 2.09 6.62 1.07 7.92 1.10 39.83       
C2-41 8.05 21.51 2.46 10.33 4.18 0.73 6.38 1.96 14.64 2.90 10.10 1.67 13.27 1.95 55.79       
                            La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y       
Caballo Mountains (episyenite-carbonatite)                 
C2-42 4.92 13.54 1.64 6.28 2.84 0.47 4.21 1.18 10.35 2.32 7.77 1.36 12.53 1.98 37.43       
C2-43 4.30 10.65 1.39 6.05 2.66 0.57 5.86 1.31 9.34 1.95 5.69 0.84 5.93 0.79 38.09       
C2-44 13.98 33.74 3.89 14.69 5.77 0.91 9.25 2.63 20.15 4.50 15.27 2.59 21.23 3.13 84.83       
C2-45 4.75 12.05 1.48 5.40 2.18 0.34 3.57 1.08 8.20 1.69 6.15 1.08 9.32 1.41 30.85       
C2-46 20.45 52.91 8.62 38.92 18.86 3.21 31.42 7.58 52.82 10.14 30.24 4.41 32.39 4.39 213.29       
C2-47 12.42 29.06 3.78 14.88 5.37 0.79 8.74 1.43 10.40 2.15 6.17 0.76 3.99 0.50 50.17       
C2-48 17.79 40.95 5.50 16.51 5.98 0.53 5.92 1.50 14.40 3.36 10.75 1.86 19.36 2.37 65.18       
C2-49 9.77 23.71 2.69 11.65 3.17 0.71 5.12 0.89 6.53 1.29 3.94 0.56 2.96 0.40 30.25       
C2-50 3.79 50.51 3.11 13.30 16.06 4.30 25.17 3.58 6.18 3.34 3.62 2.04 8.41 1.66 20.45       
C2-51 0.84 2.51 0.11 1.86 1.27 1.20 4.38 0.96 2.64 0.70 1.88 0.64 1.30 0.26 9.25       
C2-52 95.89 229.00 26.07 96.71 24.24 2.14 22.63 4.15 29.73 6.26 20.19 2.64 20.92 2.66 127.18       
C2-53 8.41 170.47 24.91 136.71 72.44 15.81 125.45 53.14 436.49 88.18 236.75 40.69 316.84 23.58 572.92       
 
 
 
 
 
 
 
